








The Feasibility of a Novel Sensing System 
for Robotic Cochlear Electrode Array Feed 









Brunel Institute for Bioengineering 





A thesis submitted for the degree of 




May 2019  
 
 
To my wife, Qunfang Jiang 
my father and mother 
Changjiang Hou & Minge Feng 



























A cochlear implant (CI) was a small electronic device that could provide direct 
electrical stimulation to the auditory nerve. Unlike a hearing aid, a cochlear implant 
turned sounds into electrical pulses which were sent directly to the auditory nerve. 
During a cochlear implant surgery, intracochlear electrode array insertion was 
considered to be a crucial process. However, the behaviour of the intracochlear 
electrode array during the insertion remained unclear to surgeons and the behaviour 
was hardly diagnosed by normal methods. In order to minimize or eliminate the trauma 
induced by electrode array insertion, we proposed an electrode capacitive sensing 
method to discriminate among certain signal patterns and notify the surgeons whether 
the array was placed correctly during the insertion process. 
In this thesis, we firstly investigated the mechanical behaviour of a CI electrode array 
during the insertion process. A force model simulating the first contact between the 
array tip and cochlear inner wall was proposed. Experimental results demonstrated 
that insertion force was not an effective method for detecting the array behaviours 
inside of the cochlea. Secondly, we investigated the theory and influencing factors of 
the capacitive sensing measurements. The relationship between capacitance measured 
and environmental effect, structural effect and applied force were examined and 
assessed. Our exploration demonstrated that the measured bipolar capacitive signals 
were recognised to be sensitive, consistent and reliable. Experiment results revealed 
that electrode capacitance values were systematically affected by intracochlear forces 
between the scala tympani wall and the contact electrode. Thirdly, by analysing the 
bipolar capacitance experimental results, three CI electrode array insertion patterns 
between the array and the cochlear lateral wall were classified. The possibility of the 
three patterns which an unknown insertion would fall into could be discriminated by 
the Principal Component Analysis (PCA) and The Pearson Correlation Coefficient 
(PCC) analysis. Experiment results showed the overall identification success rate was 
over 80%. Finally, a multi-channel switch board was proposed to measure multiple 
electrode pairs at the same time during the array insertion. Measurements and 
verification based on the board were carried out and shown to be efficient for 
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 Research Motivation 
During the cochlear implant surgery, surgeons inserted long, thin and flexible 
electrode arrays into the scala tympani canal. To date, the insertion of electrode array 
was conducted by hand, and the tools used by surgeons did not provide any signal 
feedback. Surgeons might not notice the trauma until post-operation. To preserve the 
cochlea and minimize the intracochlear trauma, a sensing system could be developed 
to discriminate the electrode array three insertion patterns.  
There were two reasons why the sensing system was necessary. Firstly, by 2016, 
approximately 12,000 registered devices had been implanted in the UK [1]. However, 
more than 900,000 people in the UK were severely or profoundly deaf [2]. One of the 
significant reasons for the difference was that the current cochlear implant surgery 
would destroy all the remaining hearing in the implanted ear. 
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Thus, the cochlear implant was only considered when the sound field of individual 
was below 25dB at 4000 Hz frequency and for those who could not benefit more from 
an acoustic hearing aid [3]. By preserving the residual hearing, more adults and 
children with profound hearing loss could be benefited from the cochlear implant. 
Secondly, during a cochlear implant surgery, atraumatic electrode array insertion was 
a crucial step. A cochlear implant surgery might result in intra-cochlear trauma and 
misplacement of the electrode array. Due to the variations of the cochlear shape and 
size, the electrode array tip might buckling inside of the scala tympani or even fold-
over during the array insertion. These scenarios would cause of trauma to the cochlear 
structures or result in the malfunctions of the cochlear implant array. The displacement 
of the electrode array would not be noticed until the operation was finished. Revision 
required re-opening the incisions and reinsertion of the electrode array. The operation 
would cause more trauma to the patients.  
Based on the reasons discussed above, a sensing system should be developed to help 
surgeons guide the electrode array in. With the assisting of the system, the extensive 
incision between the array and the cochlear structures would be detected and 
minimised to preserve the patients’ residual hearing. Certain behaviours of the 
electrode array inside of the cochlea could be discriminated by the system.    
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 Background  
In this section, the background knowledge of anatomy of the human auditory system, 
three types of hearing loss and their treatments as well as the cochlear implant were 
introduced. 
 
1.2.1 Anatomy of Auditory System 
This section described the anatomy of the human auditory system, in particular, the 
inner ear structure. There were three main components of the human auditory system: 
the outer ear, middle ear and inner ear [4]. The structure of the human auditory system 
are shown in Figure 1-1 
Outer Ear Middle Ear Inner Ear
 
Figure 1-1: The human auditory system structure. (Image from [4])  
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1.2.1.1 Outer Ear 
The outer ear consisted of the pinna and external auditory meatus. Pinna was the 
visible part of the ear which collected sound waves in human adult. The external 
auditory meatus was a 2.5 cm tube ending at the tympanic membrane [5]. The function 
of the outer ear was to guide sound waves to the middle ear. Pinna could increase the 
sensitivity of the ear to the front side of the head [6]. 
1.2.1.2 Middle Ear 
The middle ear consisted of the tympanic membrane (ear drum), attached to the inner 
ear through three bones (known as the ossicular chain: the malleus, incus, and stapes). 
The primary function of the middle ear was to transmit sound waves from the air to 
the fluids in the inner ear [6]. 
1.2.1.3 Inner Ear and the Cochlea 
Within the inner ear, the cochlea was a significant portion of the system. The human 






 turns that could be divided into three 
different chambers (Figure 1-2): the scala vestibuli (SV), the scala tympani (ST) and 
scala media (SM). Each of the chambers was receptive to different frequencies of 
vibration [7]. A cross section of the cochlea showing the three chambers is shown in 
Figure 1-2. 
 
Figure 1-2: The Cochlear cross section diagram. The diagram showed the location of 
the three chambers: the scala vestibuli, the scala tympani and scala media. (Image from 
[6]) 
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The cochlea transfers mechanical signals from the middle ear into a complex series of 
electrical signals to the auditory nerve, where it was interpreted as sound. Sound waves 
travelled through the ear canal and cause the tympanic membrane and ossicular chain 
to vibrate. Movement of the stapes located at the end of the ossicular chain vibrates 
the oval window of the cochlea. The primary fluid in the cochlea was the perilymph. 
When the cochlea receives sound in the form of vibration, the hair cells at the basilar 
membrane were disturbed transforming the vibrational energy into nerve impulses 
interpreted by the brain as sound [8]. 
1.2.2 Hearing Loss and Treatment 
Hearing loss was classified by which part of the auditory system was damaged. There 
were three categories of hearing loss: Conductive hearing loss, Sensorineural hearing 
loss, and Mixed hearing loss [9]. 
Conductive hearing loss was due to problems of mechanical transmission of sound. 
It happened at the ear canal, ear drum, middle ear and ossicular chain. It could be 
treated surgically or medically [10].  
Sensorineural hearing loss (SNHL) resulted from inner ear or auditory nerve 
dysfunction. The causes of damage to the cochlear were various: include loud sound 
exposure, powerful antibiotics, diseases, auditory tumour and hearing decline with age 
[11].  Different hearing solutions were available for various hearing levels and types 
of hearing loss. A cochlear implant was the first line therapy for the treatment of 
bilateral, severe to profound hearing loss patients [12]. The device stimulated the 
hearing receptors directly. Children could also be the patients for the cochlear implant 
surgery as young as 12 months  [13]. 
Mixed hearing loss was the combination of conductive hearing loss and sensorineural 
hearing loss. The treatment focused on the conductive component first. 
In conclusion, the auditory system was responsible for the sense of hearing. It 
consisted of three main divisions: the outer ear, middle ear and inner ear. Hearing loss 
was classified by which part of the auditory system was damaged, and it had three 
categories. A cochlear implant was the first line of therapy for the treatment of bilateral, 
severe to profound deafness patients. 
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1.2.2.1 History of the Cochlear Implants 
Stimulating hearing by electrical methods began in the late 18th century when 
Alessandro Volta discovered the electrolytic cell [14]. He was the first to stimulate the 
auditory system electrically. In the 1940’s and 1950’s, researchers in electrophonic 
hearing discovered hearing was produced by transducing sound vibrations into 
electrical signals [15]. In 1950, one of the first documented operations to stimulate the 
auditory nerve was performed by Lunderg. Unfortunately, his patient could only hear 
noise after the surgery [15]. In 1957, Djourno and Eyries provided the first detailed 
explanation of directly stimulating the auditory nerve [16]. In 1964, Doyle et al. 
inserted an electrode array bundle into the cochlea of a total perceptive deafness 
patient. This operation was significant as the patient was able to hear spoken phrases 
[14]. In 1972, a speech processor was designed to interface with an electrode implant, 
and it was the first to be commercially marketed [17]. After that, between 1972 to the 
mid-1980s, more than 1,000 of the devices were implanted. 
Through the 1990s, with the development of clinical and basic science studies, 
electrode and speech processor design had been improved significantly with a higher 
performance level. The cochlear implants had been increasingly accepted and 
recommended for implant patients.   
 
1.2.3 Cochlear Implant 
A Cochlear electrode implant referred to as a CI, was a small electronic device that 
could provide direct electrical stimulation to the auditory nerve which was located in 
the inner ear [18]. Unlike a hearing aid, a cochlear implant turned sounds into electrical 
pulses which were sent directly to the auditory nerve [19]. Adults and children with 
severe or profound hearing loss could be helped with a cochlear implant [20]. In this 
section, the structure and function of the normal cochlea would be introduced. The 
cochlear implant consisted of two parts: external (outside) part and internal part. They 
combined to assist patients to perceive sound. The configuration of the cochlear 
implant system is shown in Figure 1-3. 




Figure 1-3: Structure of a cochlear implant device. Configuration the External Device 
and Internal part of a Cochlear Implant in Human ear. (Image from [21]) 
1.2.3.1 External part 
The external part consisted of a signal-processing chip, a connecting cable, a 
microphone and a transmitter. The external parts were worn behind the ear. The 
microphone was designed to detect incident sound from the environment and 
transmitted the signal to the processing chip. The signal-processing chip analysed and 
digitised the sound signals and output to the transmitter. The transmitter was placed 
behind the ear and transmits the coded signals to the radio receiver under the skin.  
1.2.3.2 Internal Part 
The internal part of the cochlear implant consisted of a radio receiver and a cochlear 
implant electrode array [22]. They were surgically placed under the skin. The receiver 
could detect the coded electric impulses and outputs to the electrode array that was 
surgically implanted into the cochlea. The electric impulses stimulated the auditory 
nerve, and they were interpreted by the brain as sound. 
1.2.3.3 The Cochlear Implant Electrode Array 
Electrode arrays had the capacity of electrical stimulation of the auditory nerve in the 
cochlea that was differentially sensitive to sound frequencies to initiate sound 
sensations. Picture of an electrode array is shown in Figure 1-4. 




Figure 1-4: Example of an electrode array. (Image from [23]) 
An electrode array was composed of conductive, corrosion-resistant, noble metal 
platinum-iridium alloy that was separated by insulating material, for example, poly 
dimethyl siloxane (PDMS) [24]. Ideally, each electrode should be placed directly to 
contact with a single nerve ending that allowed receiving sound waves of appropriate 
frequencies. The number of electrodes in the array depend on the manufacturer but 
typically was between 4 to 22 that was less than 1% of the number of hair cells present 
in the cochlea [24]. 
1.2.3.4 The Cochlear Implant Electrode Insertion 
Insertion of the cochlear implant electrode array was the most crucial step in the 
cochlear implant surgery. The electrode array should be optimally inserted into the 
scala tympani. A cross section diagram of the electrode array insertion from round 
window and cochleostomy is shown in Figure 1-5. 
The electrode array insertion progress was a pierce event: the round window (RW) 
membrane was incised, or a cochleostomy drilled, as shown in Figure 1-5. Round 
window insertion caused greatest initial intra-cochlear damage, circled in the Figure. 
It was due to the inserting electrode being bent significantly to follow the cochlear 
canal [15]. The insertion also resulted in more abnormal tissue formation in the basal 
cochlea.  The cochleostomy technique exposed the scala in preparation for insertion 
of a cochlear electrode array as shown in Figure 1-5 [15]. The technique allowed 
surgeons to adjust the electrode insertion trajectory to minimise the contact force 
between a cochlear array and the scala tympani (ST) wall.  




Figure 1-5: (Left) a cross section diagram of the electrode array round window 
insertion. (Right) a cross section diagram of the electrode array Cochleostomy 
insertion, where RW was round window, BT was basal turn, M was modiolus of the 
cochlea. (Image from [15]) 
To date, the insertion of an electrode to the scala tympani was done by hand. The 
electrode array was small, flexible and has a particular orientation to align with the 
tissue structure [25]. The method reflected as electrode feed and placement was a 
particularly skilled surgical task. It would be expected that a more experienced surgeon 
will enhance the ideal result. Although the insertion of the array had many procedures 
and variations, the process was still a crucial step. The suboptimal or even improper 
insertion of the electrode array would result in poor cochlear implant function. 
Different kinds of complications might be caused by the insertion of the array. These 
complicates could be classified into minor and major issues. The minor complications 
included postoperative dizziness, taste disturbance, infection and facial numbness [26]. 
These minor complications commonly emerged after the surgery but would relief and 
disappear over time. The major complications would cause more serious symptom and 
would suffer longer period. These complications often needed revision surgery that 
should be avoided. Among them, two types of the electrode array misplacement: fold-
over and buckling are highlighted in Figure 1-6. 




Figure 1-6: Two types of the major complications: fold-over (left) and buckling (right). 
(Image from [27]) 
According to a research [27], 33 (10.5%) patients were found to have major 
compilations out of 315 and 20 of them (6.3%) did the revision surgeries. 
Misplacement of the electrode array could happen in an anomalous cochlea or by 
incorrect insertion [28].  
In some cases, the complications happened in several months or a few years after 
wearing the cochlear implant. Thus, it was essential to detect these scenarios during 
the array insertion process.  
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 Aim and Objectives 
The overall aim was to investigate a new conceptual sensing system for the electrode 
array feed into the cochlea. Instead of applying sensors to the array, the transient force, 
displacement and capacitance information from the feed point of the array could be 
gathered and analysed to determine the state and behaviour of the electrode array. In 
order to achieve this aim, the following objectives of this project had to be fulfilled. 
1. To investigate the efforts of speed, position and trajectory angle of the electrode 
array insertion into a plastic cochlear model. By controlling of the insertion speed 
and insertion angle, the extensive incision between the electrode array and the 
cochlear wall could be minimised.  
2. A sensing system should be developed to discriminate whether the electrode array 
was doing the correct insertion. If not, particular failure behaviours of an inserting 
electrode array could be detected and classified. 
3. A demonstration system would be developed using a relevant phantom. 
  




In previous investigations, electrode array insertion force was assessed as a key 
element of intra-cochlear trauma and residual hearing loss [29]. The electrode array 
design and mechanical behaviour were on the basis of insertion force profiles. 
However, the method could not detect behaviours of the electrode array inside the 
cochlea. Continuous Impedance Measurement (CIM) was recognized to fulfil the 
research gap [109]. This method confirmed that real-time impedance was easily 
obtainable and changing apparently with electrode intrascalar position changes [30]. 
Further to that, the main contributions of this research could be summarised as the 
follows: 
1. The capacitive signals from electrodes only were gathered and evaluated. 
Capacitance signal was consistent, reliable, and sensitive to the press force 
between the array and the cochlear wall.     
2. Principal Component Analysis and Eigenface-based recognition were applied 
to the capacitive sensing results to discriminate electrodes array certain 
insertion patterns (smooth, buckling, fold over). 
3. The electrode capacitance measurement was improved from one coupled 
electrodes continuous measurement to three coupled electrodes discrete 
measurement. During the continuous capacitive measurement, the two 
measured electrodes were activated and the behaviour and movement of the 
remaining electrodes remained unknown. These electrodes might damage the 
intra-cochlear structures. The capacitive sensing method was improved by 
activating three pairs of electrodes to extend the sensing area.  
 Structure of Thesis 
There were eight chapters in the thesis. A summary of each chapter was shown as 
follows: 
Chapter 1 - Introduction - This chapter provided the background information of the 
research topic, included the anatomy of the human auditory system, hearing loss types 
and cochlear implant. Based on the background information, the research motivation 
and contributions were shown at the end of this chapter.  
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Chapter 2 - Literature Review - This chapter provided the review of recent literature 
in three sectors: Robotic-assisted Cochlear Implant Surgery, CI Electrode Array 
Insertion Force and CI Electrode Array Bipolar Capacitance Measurement.   
Chapter 3 - Methodology and Experimental Tools - The materials and experimental 
methods for the electrode array insertion were introduced in this section. The overall 
expectation of the automated feed system was that once it was placed in position, it 
would feed an electrode into the cochlea automatically by controlling the velocity, the 
state of tissue interactions and also the final position of the electrode array. 
Chapter 4 - Force Measurement of the Cochlear Implant Electrode Array 
Insertion in Vitro - Force profiles of the CI electrode array were developed and 
analysed. An algorithm was developed to discriminate the patterns of insertion force. 
A plastic bending mathematical model was developed to help to investigate and 
understand the performance of the electrode array insertion process.   
Chapter 5 - Capacitance Measurement of the Cochlear Implant Electrode Array 
- Capacitive sensing results of the electrode array insertion were developed and 
analysed. The capacitive information included the smooth, buckling and fold-over 
insertion patterns. 
Chapter 6 - Single Pair of Electrodes Capacitance Measurement Discrimination 
Process - This chapter provided the discrimination process of the three insertion 
patterns based on the measurement results in Chapter 5. Among the three patterns, The 
Principal Component Analysis was employed to discriminate the buckling insertion 
pattern with a success rate over 80%. The fold-over pattern was discriminated by the 
Pearson Correlation Coefficient analysis with a success rate over 95%.  
Chapter 7 - Multi-Channel Capacitive Sensing Method - The feasibility of 
applying multiple pairs of electrodes for the sensing task was analysed. Further 
improvements were suggested in the chapter.  




Chapter 2  
 
Literature Review 
During cochlear implant surgery, surgeons inserted long, thin and lithe electrodes into 
the scala tympani canal. To date, the insertion of electrode array was performed by 
hand, and the tools used by surgeons did not provide any force feedback or other 
means of sensing. This electrode array insertion would damage the cochlear structures, 
such as the basilar membrane and cochlear wall. A robotic system could be applied to 
provide control of the electrode array to minimise the interaction trauma between 
electrode array and cochlear lateral wall. One of the traditional haptic feedbacks of the 
insertion was the applied force. Due to the fact that insertion force of the cochlear 
implant electrode array applied to the intracochlear structures was a key element to 
damage the residual hearing and intracochlear trauma. It was necessary to assess the 
electrode array insertion force and friction force. However, the insertion force varied 
significantly from individual insertions, and the method cannot detect the CI electrode 
array behaviours inside the cochlea. To replace the insertion force detection method, 
electrodes impedance measurement was proposed and approved as a possible source 
of information to help discriminate the relation of the electrode array to the lateral wall 
during surgery.  
The structure of this chapter was as follows. Section 2.1 reviewed five kinds of 
traditional robotic assistant system applied in the cochlear implant surgery. Section 
2.2 reviewed the past and current attempts to evaluate the insertion and friction forces. 
Section 2.3 reviewed the past application of electrodes impedance measurement. 
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 Robotic-assisted Cochlear Implant Surgery 
To date, the insertion of electrode array was finished by hand, and the tools used by 
surgeons do not provide any signal feedback. The electrode array insertions would 
damage the intracochlear structures, such as the basilar membrane and cochlear lateral 
wall. A robotic system provided some control of the electrode array to minimise the 
interaction trauma between the array and the cochlea. In this section, robotic assistant 
systems applied in the past cochlear implant surgery were reviewed.  
In 2005, Roland [31] first evaluated the manual insertion characteristics of Contour 
electrode arrays with the Advance Off-Stylet (AOS) versus the Standard Insertion 
Technique (SIT). Five Contour Advance electrode arrays with the AOS technique 
were evaluated in a plastic cochlear model and in a right and left temporal bone. The 
automated insertion system is introduced in Figure 2-1. 
 
Figure 2-1: Automated insertion system with the cochlear model and load cell 
underneath. (Image from [31]) 
Five Contour electrode arrays with the Standard Insertion Technique (SIT) were 
evaluated in the same cochlear models and temporal bones. The applied forces during 
electrode arrays insertion in the cochlear model and in whole human temporal bones 
were measured by a load cell. According to the experimental force results, the average 
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insertion forces in human temporal bones could be twice as high as those recorded in 
a plastic cochlear model.  
A preliminary study of robotic assistance using novel steerable electrode array for 
cochlear implant surgery was proposed in 2006 by Zhang et al. at Columbia University 
[17]. They developed the mathematic model, path planning and calibration for the 
cochlear steerable electrode array in an effort to minimise the interaction forces 
between the electrode array and the cochlea. An experimental robotic system was 
designed to compare the insertion forces of steerable electrode arrays with those non-
steerable electrode arrays. The experimental system is shown in Figure 2-2. 
 
Figure 2-2: Experimental system for the robot-assisted cochlear steerable electrode 
array insertion. (Image from [17]) 
A hypothesis that the trauma in cochlear implant surgery could be significantly 
minimised by the reduction of electrode array insertion forces. Based on the hypothesis, 
the potential benefited of applying the steerable electrodes for reducing trauma in 
surgery were quantified. An experimental system was presented to compare the 
insertion forces when using steerable versus non-steerable electrodes. The results 
demonstrated that about 70% of insertion forces were reduced by using the steerable 
electrode arrays with the proposed path planning [17]. In 2008, Zhang et al. [32] 
improved the steerable electrode array to adjust its angle of approach according to the 
opening of scala tympani. The angle of approach from the steerable electrode arrays 
using a two degree-of-freedom (DoF) robot versus a four DoF robot were reviewed 
and stimulated. Stimulation and experimental results showed that four DoF insertions 
decrease the electrode deformation against the ST wall better than two DoF insertions. 
It also demonstrated that changing the angle of approach by a four DoF robot could 
further reduce the electrode array insertion forces [32]. 
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Hussong et al. [33] developed a prototype automated insertion system for the cochlear 
implant surgery in 2008. The mechatronic device was capable of achieving the 
Advance Off-Stylet (AOS) technique and proofed the tool’s ability in cochlear implant 
surgery. The first experimental result demonstrated that the device has the capability 
to perform general automatically cochlear implant electrodes insertions [33]. Model 
of the automated insertion tool is shown in Figure 2-3. 
 
Figure 2-3: Model of the automated insertion tool with detailing its components. 
(Image from [33]) 
After that, they improved the automated insertion tool and developed a mathematical 
model to stimulate the entry angel and path-planning. 30 insertions were performed 
by the device to insert into an artificial model. Under the condition of lubrication, the 
electrode array was inserted into the model in 29 out of 30 insertions, with one 
electrode tip fold-over. It was claimed that the automated insertion tool was the only 
possibility for cochlear implant electrodes insertion at that time [33]. Force application 
of the automated insertion tool was evaluated later this year [34]. A transparent 
artificial scala tympani model was utilised to achieve standard experimental conditions. 
The experimental setup is shown in Figure 2-4. 




Figure 2-4: Experimental setup of the automated insertion system. (Image from [34]) 
The geometry and shape of the model were based on the average size of an adult 
human cochlea. Lubrication was applied to stimulate the similar frictional conditions 
within the scala tympani. During the AOS electrode array insertion process, the force 
exerted onto the model was recorded by a force measurement system. Overall, five 
contour advanced electrodes completed 20 2-Diementional insertions. The insertion 
forces recorded to be in a range of 5mN to 50mN [34]. One reason for the Intracochlear 
forces was the curled electrode array exerted onto the surface in the beginning 
configuration.  
However, the major drawback of the system was lacking of an integrated haptic 
feedback. Haptic feedback was necessary for minimally invasive surgery as it 
represented the only available source of information about possible damage to tissue 
structures. The force measurement and feedback had to be integrated into the 
automated insertion tool. Secondly, the measurement system only applied in a plane 
but not in 3D of the cochlea. Lastly, the recorded force data by the automated insertion 
system had to be compared and evaluated with the manual insertion under the same 
conditions in three dimensions. This research gap was fulfilled by Majdani et al. in 
2010. 
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The force data of the Advance Off-Stylet (AOS) technique during the cochlear implant 
electrodes insertion operated by human and by an automated insertion tool was 
collected by Majdani et al. [35]. The force data was recorded and compared by three 
experienced surgeons who inserted the CI electrode array 26 times and by the robotic 
insertion tool 8 times. Experimental results demonstrated that although the average 
insertion force of the insertion tool was larger than that of the surgeons, the automated 
device was more reliable during the insertions [35].  
In the same period, Schurzig et al, [36] improved the automated insertion tool which 
could not only sense insertion forces but also setup the insertion velocity profiles and 
settings repeatable. The electrode array automated insertion system is shown in Figure 
2-5. 
 
Figure 2-5: The electrode array automated insertion system by Schuzig. (Image  [36]) 
These insertion profiles helped to quantify the insertion characteristics such as 
electrode forces, velocities and displacements. The insertion system was able to insert 
an electrode with a resolution of 1µm, inserting velocities up to 5mm/sec and forces 
as small as 5mN. After assembling and testing in a two dimensions cochlea model, the 
tool demonstrates a significant reduction in insertion forces as it could eliminate the 
first contact between the electrode array and the scala tympani wall [36]. The 
automatic system could be improved by testing in a three dimensions model. The force 
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data recorded by the robotic insertion tool could be compared with the insertion by 
experienced surgeons 
However, among the robotic tools mentioned above, the electrode insertion paths had 
to be planned prior experiments. This indicated that a high-resolution CT scanner 
would be required to obtain a high-resolution image of the cochlea before operations. 
The process would increase the cost to a great extent and extend the operation time 
significantly [37]. Also, additional actuators and sensors would need to be integrated 
into the electrode to control the shape of the electrode. The study provided a significant 
indication to the potential improvement of robotic-assisted cochlear implant surgery. 
In 2012, Clark et al.  [38] proposed a new prototype device to reduce electrode 
insertion forces. They utilised a manipulator magnet to guide a magnetically tipped 
cochlear implant electrode during the insertion. The prototype system setup is shown 
in Figure 2-6. 
 
Figure 2-6: Experimental setup of the magnetic insertion system. Cochlear implant 
electrode array (1) was attached to the 6-axis force sensor (2) with a custom mounting 
fixation (3). Electrode array was inserted into a scala tympani phantom (4) using one 
linear stage (5). (Image  [38])  
In the scaled experimental study, the forces of non-guided insertion and magnetically 
guided insertion were compared. The results demonstrated that in the scaled 
experimental study, the insertion forces had been reduced by approximately 50% using 
the magnetic guidance method. However, crucial concerns were raised on the machine 
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regarding alignment of the manipulator axis with the cochlear central axis, the 
magnetic resonance scanners safety and the magnet implant off-axis effect. 
The first reported master-slave–assisted cochlear implant cochleostomy using the da 
Vinci Si system was performed in 2014 [39]. In the operation, some processes—
including refinement of cochleostomy and insertion of an electrode into the cochlea—
had to be performed manually. It was because surgeons feel hindered by the loss of 
the haptic and sensation. The system also took a long learning process and extremely 
high cost.  
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 Literature Review on CI Electrode Array Insertion Force 
2.2.1 Introduction 
When Lehnhardt [40] first described the intracochlear electrode array insertion 
technique in 1993, protection of the intracochlear structures had not been a topic of 
concern. In 1997, Hodges et al. [41] described how about 50% of patients who had 
cochlear implant surgery experienced residual hearing, postoperatively. However, at 
that time, patients’ postoperative residual hearing was limited. The overall cochlear 
implant performance had not been improved by the hearing remnants [42]. In 1999, 
von Ilberg et al. first described the electric acoustic stimulation (EAS) of the human 
auditory system [43]. This technique combined remaining cochlear functions with 
electric stimulation of a cochlear implant. The EAS technique has demonstrated 
greatly improved speech and music perception results compared to the use of cochlear 
implant stimulating mode alone [43] [44]. These promising results of EAS patients 
created strong interest in intracochlear preservation in cochlear implant surgery. It was 
commonly believed that intracochlear trauma caused by electrode array insertions 
determines whether intraoperative hearing preservation was successful or not [45]. 
Several mechanical properties, such as electrode array insertion speed, stiffness, use 
of lubricants, electrode array types, and different insertion tools, were reviewed [46]. 
Among them, insertion force directly applied to the intracochlear structures was a key 
element of intracochlear trauma and residual hearing loss [29]. Electrode array 
insertion force as low as 26mN to 35mN may result in a rupture of the basilar 
membrane [47]. Consequently, the assessment of array insertion force was necessary 
to evaluate the electrode array’s design and its mechanical behaviour. A summary of 
previously published insertion force investigations was listed in Table 2.1  
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  Table 2.1: Published largest and average insertion forces for various electrode arrays 
and insertion methods. TB: temporal bone, AOS: advance off stylet, AIT: automated 
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2.2.2 Force Profiles of Previously Published Electrode Array Insertions 
In 2005, Roland [29] first evaluated the manual insertion characteristics of Contour 
electrode arrays with the Advance Off-Stylet (AOS) versus the Standard Insertion 
Technique (SIT). The force measurement system was introduced in Figure 2.7. Five 
Contour electrode arrays with the Standard Insertion Technique (SIT) were evaluated 
in the same cochlear models and temporal bones. Insertion mean force profiles of the 
SIT and AOS techniques are shown in Figure 2-7. 
 
Figure 2-7: Mean force profiles of the Standard Insertion Technique (SIT) and the 
Advance Off-Stylet (AOS) with the insertion depth up to 8mm. (Image from [29]) 
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Average insertion forces of the Contour SIT in the cochlear model were 75±10 mN, 
with the insertion length of 7.5 mm. The average insertion forces of the Contour 
Advance AOS technique in the cochlear model was 13±9 mN, with the insertion length 
of 7.5 mm. The peak force recorded was 91mN for the SIT and 26 mN for the AOS 
technique. Regarding the temporal bones, average insertion forces of the Contour 
Standard Insertion Technique were 170±50 mN, with the insertion length of 8mm. The 
peak force of the technique was measured to be 240 mN. Average insertion forces of 
the Contour Advance AOS technique in the cochlear model was 30±9 mN, with the 
insertion length of 8mm. During the standard array insertions in the cochlear model 
and temporal bones, the insertion forces rose to a peak, and then fell. After that, 
insertion forces continually rose to a second peak, nearing complete insertion. 
According to the force results, the average insertion forces in human temporal bones 
could be twice as high as those recorded in a plastic cochlear model.  
In 2006, Adunka and Kiefer [48] investigated the impact of cochlear implant electrode 
arrays’ deep insertion depth 27mm on intracochlear trauma. Fourteen C40+ standard 
and eight FLEXsoft electrodes were manually inserted into an acrylic model to the 
depth of 27 mm. The force measurement of each insertion step was recorded by a load 
cell. The force profiles of the FLEXsoft and Standard array are shown in Figure 2-8. 
 
Figure 2-8: The mean force profiles of the C40+ standard array and the FLEXsoft 
array up to insertion depth 28mm. Force results demonstrated average insertion force 
would rise significantly beyond the depth of 18-20mm. (Image from  [48]) 
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At the complete insertion point, the average force of the C40+ standard array was 75.9 
mN and the mean force of the FLEXsoft array was 53.5 mN. Measurement results 
demonstrated that the insertion forces for both electrodes increased along with the 
depth. Insertion forces increased significantly beyond the depth of 18-20mm.  
Electrode array force properties and insertion trajectories during CI surgery were 
studied by Todd [49]. The Standard Insertion Technique (SIT) for Practice electrode 
arrays and Contour electrode arrays was implemented 5 times and 11 times, 
respectively. The Partial Stylet withdrawal insertion technique for Practice electrode 
arrays and Contour electrode arrays was implemented eight times and 26 times, 
respectively. Insertion of the Advance Off-Stylet (AOS) was repeated 34 times. All of 
the insertions were performed by an automated insertion machine to the depth of 16 
mm. The net force, which was a force along the longitudinal axis of insertion, and the 
friction force were measured by a load cell. The force profiles for a SIT, Partial Stylet 
withdrawal and an AOS insertion are shown in Figure 2-9. 
 
Figure 2-9: The mean force profiles of the Standard Insertion Technique (SIT), Partial 
Stylet withdrawal and an Advance Off-Stylet (AOS) insertion up to 17mm. First spike 
in the output force was 9.5 mm (vertical line). (Image from [49]) 
In regards to the standard insertion technique, the average forces were 95 mN and 
98mN for the Contour and Practice electrode arrays, respectively. The peak forces 
were 194 mN (Contour) and 178 mN (Practice) at the completion point. For the partial 
withdrawal technique, the average forces at the lateral wall were 57 mN and 50 mN 
for the Contour and Practice electrode arrays, respectively. The peak forces were 115 
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mN and 120 mN. The average peak forces for the AOS technique were 50 mN. 
Experimental force results demonstrated that array forces impacted on the scala 
tympani wall depend on array strength, insertion trajectory, and frictional forces.  
Eight uncoated and eight coated electrode array carriers were manually inserted into a 
transparent scala tympani model with an insertion tool [50]. The electrode array carrier 
used was the MED-EL C40+. The measured insertion forces increased along with the 
increasing insertion depth of up to 29 mm. The mean forces for the uncoated electrode 
carrier at 29mm (362o) were 32.92±7.72 mN. Whereas, the mean forces for the coated 
electrode carrier were 17.17±4.66 mN at the completely inserted position (459.4o).      
In 2008, Rau et al. developed an automated insertion tool [34]. In order to evaluate the 
tool, five Contour Advanced electrode carriers were inserted into a transparent, 
artificial cochlear model. In total, twenty insertions were performed by the means of 
the AOS technique. According to the force results, the average measured forces varied 
between 5 mN and 23 mN, and the peak force could be up to 40 mN. However, in four 
insertions, the temporary array tips folded over in the beginning section of the insertion. 
The average forces in these insertions were 60±35 mN, and the peak force rose up to 
117mN.  
In 2010, another comparison between the standard electrode array insertion and AOS 
technique was performed by Schurzig et al [36]. In his research, an automated CI array 
insertion tool integrated with a force sensor was applied. The electrode array insertion 
robot had been introduced in Figure 2.10. Four straight insertions and four AOS 
insertions were performed into a transparent cochlear model. In all eight insertions, 
the electrode array was inserted to the depth of 17mm. The force profiles for SIT and 
AOS insertion are shown in Figure 2-10. 
During the 7 mm of insertion, the average forces for straight insertions were 8±4 mN 
and 4±6 mN for the AOS technique. Inside the spiral of the model, average forces 
were 46±27 mN for the straight insertion and 8±6 mN for the AOS. The peak forces 
were 93 mN for the straight insertion and 34mN for the AOS. The force difference 
between straight and AOS insertions became significant from the insertion depth of 
9.74 mm. 




Figure 2-10: The force profiles of the Standard Insertion Technique (SIT) and 
Advance Off-Stylet (AOS) insertions up to 17 mm. The peak forces were 93 mN for 
SIT and 34 mN for the AOS. (Image from [36]) 
The automated insertion tool was also applied to compare with manual insertion by 
experienced surgeons [35]. Twenty-six manual insertions were performed by three 
surgeons using the AOS technique. Robotic AOS insertions were implemented eight 
times. All of the insertions were performed into a transparent model up to 255o. The 
average insertion force for the surgeon was 4±1 mN and 5±14 mN for the robotic tool. 
The average insertion force of the surgeons was smaller than that of the robotic tool. 
However, the transient peak force of the surgeons was larger than that of the robotic 
tool.   
In 2011, a modiolar research array (MRA) had been evaluated by Briggs et al [51]. In 
the experiments, the peak insertion forces of the MRA and other electrode arrays were 
compared. Each of the electrode arrays was inserted into a cochlear model three times. 
The average peak contact force was 13±2 mN for the MRA sheath, 6±5 mN for the 
Nucleus straight electrode array, 3±3 mN for the Hybrid™ L24 electrode array, and 
29±5 mN for the Contour Advance electrode array.  
The impact of an electrode array insertion speed on the insertion forces was 
investigated by Kontorinis et al. [52]. Four different types of electrode array carriers 
were examined, which were the Nucleus 24 Contour Advance electrodes, the HiFocus 
Helix Advanced Bionics electrodes, the Standard C40+ MED-EL electrodes, and the 
Hybrid-L Nucleus electrodes. In total, 116 insertions were manually implanted into an 
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artificial, human cochlear model. For the Contour Advance electrodes, insertion forces 
were recorded with the increasing insertion speeds. Measured results demonstrated 
that the progressive increase of the insertion speed would lead to an increasing force. 
For insertion speed increased from 10 mm/min to 200 mm /min, mean forces rose from 
90 mN to 185 mN, and the peak force rose from 180 mN to 420 mN. In conclusion, a 
higher array insertion speed will lead to a larger insertion force.      
The insertion properties of an atraumatic prototype electrode carrier FLEXEAS 20, 
Med-El were evaluated by Helbig et al. [53]. Four electrode array carriers were 
manually inserted into ten human temporal bones through the round window 
membrane. The insertion angle of the cochlear implants ranged from 320 degrees to 
370 degrees. The measured mean insertion forces were 25 mN, with the peak force of 
35 mN.     
Insertion force profiles, including friction forces, speed, and tube materials of the 
Hifocus 1J electrode arrays, were evaluated by Miroir et al. [54]. Eighteen identical 
electrode array carriers were inserted into four types of the cochlear models: metal 
only, metal with lubricant, plastic only, and plastic with lubricant. Three different 
insertions speeds - 0.15, 0.5, and 1.5 mm/s were performed by a motorized insertion 
tool. From the force results, the speed did not influence the insertion forces in either 
the metal tube or in the plastic tube. The friction forces in the metal models were larger 
than in the plastic models at all speeds. In the plastic model, friction forces decreased 
with the array carrier insertion depth. The average insertion forces were 190±13 mN 
in the insertion angle of 180 degrees. As expected, friction forces in the model with 
lubricant were lower than the model without. The friction forces remained stable and 
decreased in the first 17 mm of insertion. As the model slope changed, the forces 
increased rapidly in the last 8 mm of insertion. In the force results curve, the first 
contact between the carrier’s tip and the lateral wall could not be detected.  
Three array carriers were inserted into three human temporal bones at a constant speed 
of 1.5mm/s. The insertion force was recorded by a one-axis force sensor, and the 
friction forces were recorded by a six-axis force sensor. From the insertion force result 
curve, there were three phases that could be distinguished. Below the insertion depth 
of 10mm, the average insertion force remained stable and under 100 mN. Between the 
depths of 10mm and 15mm, the insertion forces increased slowly and under 200mN. 
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In the last 5mm, a dramatic increase to 350 mN was observed. The average friction 
force measured by the six-axis sensor was 40±3 mN (n=3). The significant differences 
between the force profiles were due to the gradual decrease of scala tympani diameter 
in temporal bones.   
Insertion force profiles of a standard CI electrode array [55] were compared with a 
prototype array [56] in 2012 [57]. Twenty-nine human temporal bones were prepared 
and each of them was inserted for only one array. These temporal bones were divided 
into two types: micro-dissected cochlea (n=23) and intact cochlea (n=6). All the 
insertions were performed by an automated insertion tool. For the micro-dissected 
cochlea, insertions of the two electrode array designs, standard array and prototype 
array, were performed 15 times and eight times, respectively. The average force of the 
standard array was 30±64 mN, with the insertion degree of 270±140°. The average 
force of the prototype array was 10±12 mN, with the insertion degree of 202±96°. 
During the first 200-degree insertion, the insertion forces were lower than 20 mN. For 
the rest of the insertion, the standard array insertion force increased to 100 mN, while 
the prototype array insertion force remained below 50 mN. For the intact cochlea, 
three standard electrode arrays and three prototype arrays were inserted into six human 
temporal bones. However, only two standard arrays and two prototype arrays were 
fully inserted to 260°, 360° and 360°, 450°, respectively. The peak insertion forces for 
all the fully-inserted arrays were below 150 mN. The mean insertion forces for the 
partially-inserted standard array and fold-over prototype array were higher than the 
fully-inserted arrays. The mean force profiles of the standard insertions and mistaken 
insertions are compared in Figure 2-11. 




Figure 2-11: CT scan images and the mean force profiles of the standard array 
insertions (a and d), partially insertions (b and e) and prototype array fold-over (c and 
f). The behaviour of force profiles were distinctly under different insertion conditions. 
(Image from [57]) 
Also in 2014, Nguyen et al. compared the insertion forces of three different insertion 
techniques: manually insertion with forceps, with a commercial tool, and with a 
motorized tool [58]. Twenty human temporal bones were prepared for the implantation. 
Each temporal bone was inserted by an electrode array (Hifocus 1J arrays, Advanced 
Bionics) with the three insertion techniques. A six-axis force sensor was integrated on 
the bottom of the specimen. The average force for the manual insertion with forceps 
was 1160 ± 505 mN, 1337 ± 408 mN for the commercial tool, and 1573 ± 764 mN for 
the motorized tools. The three insertion techniques had no differences based on these 
force momentum results.  
In 2014, Kobler [59] introduced a novel prototype of an automated insertion tool. 
Unlike previous insertion tools, a force sensor was integrated into the insertion 
mechanisms. Twenty insertions were performed into an artificial cochlear model 
based on the insertion tool. In total, 17 insertions were successful and the average 
forces were 100 mN. The measured insertion forces increased along with the 
increasing insertion depth of up to 10 mm.  
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Insertion forces of another robotic electrode array insertion technique - path planning 
- was evaluated by Pile, Wanna, and Simaan [60]. Perimodiolar CI electrode arrays 
were inserted into both plastic models and human temporal bones. The peak force of 
95 plastic model insertions was 190 mN. The peak force of eight cadaveric specimen 
insertions was 284 mN.  
Forces and trauma associated with an image-guided cochlear implant electrode array 
insertion were evaluated by Rohani et al. [61]. Two each of CI422 Nucleus, Standard 
MED-EL, and Custom MED-EL were implanted into six human temporal bones. Thus, 
each of the temporal bones was inserted for only one array carrier. All of the insertions 
were performed manually. Insertion forces were collected by a six-axis sensor placed 
under the temporal bone. The measured peak force ranged from 56 mN to 469 mN. 
Average insertion forces ranged from 9 mN to 78 mN, with a minimum insertion angle 
of 360o.  
In 2014, Wade et al. measured the tip forces during the insertion of a CI electrode 
array [62]. An optical fibre-based sensor was inserted into six porcine cochlear bones. 
The average force remained stable and low before the insertion depth of 2.6mm. After 
that distance, the average force rose dramatically to 230 mN at the completed insertion 
distance of 3.5mm. Measured force results showed the maximum tip force was up to 
254 mN.   
Electrode array insertion force applied to the cochlea should be controlled to limit the 
intracochlear damage. Correction between insertion force and cochlear trauma was 
investigated by Seta et al. [46]. The long, straight Flex 28 array, MED-EL, was 
implanted into twelve human temporal bones at a constant speed by an automated 
insertion tool. The measured temporal bone was attached to a six-axis force sensor. 
Histologic images demonstrated that six atraumatic insertions, five scalar 
translocations, and one basilar membrane rupture occurred. All of the five scalar 
translocations occurred in the region of 150 degrees to 180 degrees. The peak forces 
for the atraumatic insertions were 59.4 ± 19.9 mN. Force profiles for all the atraumatic 
insertions were similar. The frictional forces remained low before 150 degrees, and 
then increased continuously to the peak force at the complete insertion. Force profiles 
of the traumatic insertions were irregular. The peak force (29.56 ± 18.2 mN) occurred 
when the tip of the array made contact with the inner wall of the temporal bone.  
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The impact of the cochlear array geometry on insertion forces and intracochlear 
trauma was investigated by Avci et al [63]. The electrode array carrier used in this 
project was a research electrode array of the same design as the HiFocus 1J, Advanced 
Bionics. Ten human temporal bones were prepared to be implanted. In total, 27 
insertions were done by an automated insertion tool. The mean force profiles of the 
three insertions are shown in Figure 2-12. 
 
Figure 2-12: The mean force profiles of three insertions up to 19mm. Blue line 
indicates the mean force of z axis, red line shows the x force (horizontally) and green 
line shows the y force (vertically). The circle in each image (I-IV) demonstrated the 
contraction between the electrode array and cochlear wall. (Image from [63]) 
In the repeatability experiments, insertion forces demonstrated no significant changes 
with the increasing of the array insertion speed. The mean depth of the ten temporal 
bone insertions was 18.8 ± 0.6 mm (327° ± 22°). From the overall force results, the 
mean x-axis peak force was 19.5 ± 8.6 mN, the mean y-axis peak force was 25.0 ± 
12.2 mN, and the z-axis peak force was 218 ± 44 mN. Overall, force profiles showed 
that before the first contact between the array tip and the lateral wall, x-, y-, and z-axis 
forces remained low and stable. After the contact point, the z-axis force continuously 
rose. At 18.5mm, a bulking of the electrode array occurred which changed the 
insertion force to maxima. 
The insertion force profiles of a straight electrode array, Nucleus HybridTM L24, were 
evaluated [64]. The electrode array was inserted manually into ten human temporal 
bones. A 1-D load cell force sensor was mounted on the bottom of the bone specimens 
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for the force data collection. Seven out of ten electrode arrays were inserted 
completely. Their mean insertion angle was 239° ± 26° (range of 196°–276°). The 
scalar translocation (from the scala tympani to the scala vestibuli) occurred in four 
specimens. From the force results, the mean force of the complete insertions was 3 ± 
5 mN. The mean force of the partial insertions was similar to the complete insertions 
(3 ± 6 mN).    
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 Literature Review on Cochlear Implant Electrode Array 
Bipolar Impedance Measurement 
2.3.1 Introduction 
During the cochlear implantation, it was essential to preserve residual hearing and 
improve clinical outcomes by reducing electrode insertion trauma [65]. Insertion of an 
electrode array into a cochlea caused immediate damage to the inner ear and was 
considered responsible for a loss of residual hearing.  
One possible source of information to help determine the relation of the cochlea to the 
cochlear walls during surgery was the use of electrodes impedance measurements. 
Previously, this method was only applied postoperatively in cochlear implant 
functions and electrodes integrity verification. Nowadays, the impedance information 
from the electrodes and intracochlear tissue was found to change apparently with 
electrode array movement. By analysing the impedance information, certain 
behaviours of the electrode array intracochlearly could be discriminated.  
The section begins with reviewing the previous electrodes electric stimulation model. 
Mechanisms of electrodes charge transferring had been described by several 
stimulation models. Secondly, four widely accepted electrodes stimulation modes 
were reviewed. The bipolar impedance measurement was the most appropriate sensing 
method that was adopted in this project. Lastly, current electrode capacitance sensing 
applications were reviewed to determine the similarities and limitations.  
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2.3.2 Electric Stimulation Modelling 
There were a lot of models on modelling the impedance for inner ear electric 
stimulation. Varley [66] was the first to measure the capacitance of an electrode-
electrolyte interface. The first aluminium oxide electrolytic capacitor was created by 
Pollak [67]to convert alternating current to direct current.  
The first electrode-electrolyte interface was introduced by Helmholtz [68] proposed 






 (a)                                                          (b)  
Figure 2-13: (a) A double-layer charge existed at the electrolyte interface (b) Warburg 
model was a capacitor (Cw) connected with a resistor (Rw) in series. 
The concept of the double-layer charge was significant as it firstly indicated the 
interface was similar to a capacitor. Hence, any stimulating model for the interface 
must contain capacitance and resistance. Warburg [69] simplified the interface model 
as a capacitor (Cw) connected with a resistor (Rw) in series, which was shown in Figure 
2.13 (b). The model stated that for an infinitely low current, the capacitance Cw varied 
inversely with the square root of the input frequency. However, Warburg did not 
interpret the electrical behaviour of the interface when passing the direct current [70]. 
Based on Warburg’s model, Fricke [71] further interpreted the electrode capacitance, 
phase and reactance with the input frequency range from 100 to 3500 Hz. Again, 
Fricke did not address the direct current interface behaviour. 
The relationship between the electrolyte temperature and concentration and electrodes 
impedance had been investigated in 1930 [72]. Zimmerman used small area gold and 
platinum to measure electrodes impedance in a varied range of electrolyte 
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concentration, temperature and input frequencies. After that, many physical chemists 
had built models to interpret the electrode-electrolyte interface 
[73][74][75][76][77][78][79][80][81]. Among them, models developed by Sluyters-
Rehbach and Sluyters in 1970 [75] and Geddes and Baker in 1975 [77] were the most 
influential work to interpret the electrode-electrolyte interface. The two models are 






                 
(a)                                                                              (b) 
Figure 2-14: (a) Sluyters-Rehbach and Sluyters model. (b) Geddes and Baker model 
that applied half-cell potential to account for the direct current behaviours.   
In 1947, Randles [74] proposed a model that a double layer capacitor Cp was connected 
in parallel with the Warburg model. However, the passage of direct current through 
the interface was not considered either. A more complex model was created by 
Sluyters-Rehbach and Sluyters. A resistance Rφ and a parallel resistance Rp were 
connected in series with the Warburg impedance (Rw and Cw). These components were 
shunted by a capacitance Cd . Although this model was popular and widely accepted, 
it did not account for the direct current properties.  
Based on the impedance-frequency properties for electrodes in saline, Geddes and 
Baker [77] proposed two circuit models for the electrode-electrolyte interface. The 
voltage potential was 
𝐸
2
 for both circuit models. The half-cell voltage potential was 
connected in series with the Warburg impedance (Rw and Cw). In the first circuit model 
(Figure 2.14  (b) top), the Warburg capacitance Cw was shunted by the Faradic 
resistance Rf to account for direct current. In the second circuit model (Figure 2.14 (b) 
bottom), the Faradic resistance Rf was placed in parallel with the Warburg impedance 
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(Rw and Cw). It was used to simulate the passage of direct current in the interface. The 
Faradic resistance (Rf) was the highest impedance that an electrode-electrolyte 
interface could reach [82]. 
Since 1989, Suesserman and Spelman [83][84][85] did a series of measurements to 
evaluate the electrical impedance of inner ear tissues. Suesserman and Spelman [85] 
introduced a lumped-parameter model. This model simulated the electrical properties 
of an electrode array which had been implanted into a porcine cochlea in vivo. Two 
paired implanted electrodes and one paired reference electrodes were employed in the 
measurement. The two reference electrodes located outside of the cochlea. The 
lumped-parameter model of the implanted electrode array is shown in Figure 2-15. 
 
Figure 2-15: The lumped-parameter model of the implanted electrode array. (Image 
from [83]) 
Electrical current was driven from one electrode (the right-most) while the other 
electrodes were responsible for paired voltage measurements. Zst indicated the intra-
scalar impedance while Za and Zb indicated the two trans-scalar impedances. Vba was 
the voltage drop between the apical electrode and basal electrode. Vbe was the voltage 
drop between the basal electrode and the external reference electrodes and Vae was the 
voltage drop between the apical electrode and the external references electrodes.  
The lumped-parameter model reproduced the impedance and phase of the three paired 
electrodes. The simulation results from the model were within 50% of the 
experimentally measured results. The differences between them were within 30% 
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when the frequency was below 5 kHz. It was the first time to explain the monopolar 
electrical properties of the multi-electrode array inside of the cochlea. However, the 
model only simulated the impedance of 3 electrodes at a static state. The monopolar 
measurements would have limited contributions to the bipolar measuring of a dynamic 
electrode array insertion.    
 
2.3.3 Four Stimulation Modes 
The three stimulation modes: Bipolar (BP), Common Ground (CG) and Monopolar 
(MONO) had been compared and reviewed by Busby et al. [86]. Nine patients who 
had been implanted the cochlear array with 22 electrodes [87] [88] were selected in 
this experiment. For the bipolar stimulation, two electrodes separated by one and two 
electrodes were stimulated by a current flow in eight patients and one patient 
respectively. For the common ground stimulation, one electrode was stimulated while 
the remaining electrodes were connected together to be the return path. For the 
monopolar stimulation, only the most basal electrode and an electrode were activated. 
Experimental results revealed that different stimulation modes would lead to 
differences in threshold (T), comfortable listening (C) levels and the range of usable 
hearing (DR). The bipolar stimulation results confirmed the current distribution was 
limited, which was consistent with the previous studies [89][62][63][92][93][94].  The 
results also indicated that there were significant differences between BP and CG 
stimulation in the T and C levels. However, it had not been clarified by the authors 
which mode was the best among the three.  
In 1996 Jolly [95] investigated the cochlear electrode array for the stimulation in 
quadrupolar (QUAD) mode. A simulation model was created and examined with the 
experimental results. He claimed that quadrupolar stimulation mode had benefits in 
focusing the voltage potential and minimizing the current spreading. The mode would 
reduce unpleasant sensations of the patients than other techniques such as MONO, BI 
and CG modes.   
In 1998, the electrodes impedance in the common ground mode was measured intra-
operatively and post-operatively [96]. Impedance measurements were useful in 
discriminating whether the implanted electrodes were integral, short circuit, open 
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circuit or exposed in air. From the experimental results, low (< 1 kOhm) intra-
operative impedance values occurred between the electrodes 1 to 13. However, these 
low impedances were caused by abnormal surrounding fluids instead of short circuits 
occurring along the array. The intra-operative impedance measurements had to be 
monitored in real-time to avoid fault pattern recognition.  
A novel method to measure the Faradic (direct-current) resistance had been proposed 
by Geddes and Roeder [82]. The circuit model for two identical electrodes filled with 
a conducting liquid is shown in Figure 2-16.  











Figure 2-16: Equivalent circuit model of two identical electrodes (Electrode 1 and 2) 
filled with a conducting liquid. (Image adapted from[82]).    




Rf represents the Faradic resistance and Rs was the resistance of the liquid between the 
electrodes. The model demonstrated that the Warburg resistance (Rw) and reactance 
(Xw) would decrease with the increase frequency. Therefore, at a sufficiently high 
frequency (100 kHz), the impedance between electrode 1 and electrode 2 was Rs. 
Hence, the liquid intervening resistance could be calculated.  
In order to calculate the Faradic resistance Rf, a constant current rectangular pulse was 
applied. The input current pulse and response voltage are shown in Figure 2-17. 










                          (a)                                                                   (b) 
Figure 2-17: (a) Rectangular direct current pulse (i) of duration t. (b) The response 
voltage across two electrodes. Ef was the maximum voltage when charging the 
Warburg capacitor (Cw). Therefore, no current flows through Rw and Cw.   
When Cw was fully charged, the voltage across the two electrodes was  𝐸𝑓 = 𝑖(2𝑅𝑓 +
𝑅𝑠). By applying the measured resistance Rs, small direct current (i = ±1.5 mA) and 
long enough charging time (t = 2s), the Faradic resistance could be calculated. The 
Faradic resistance properties of eight electrode materials had been investigated. The 
results demonstrated that all the Faradic resistance decreased exponentially with the 
increase of current density. The relationship follows the expression. 
𝑅𝑓 = 𝑅𝑓0𝑒
−𝜕𝑖 
Where Rf0 was the Faradic resistance at no input current, i was the input rectangular 
direct current pulse and 𝜕 was the damping constant. In the paper, chloride silver was 
found to have the lowest Faradic impedance, whereas carbon was the highest. The 
highest resistance of an electrode-electrolyte interface could reach was the no input 
current Faradic resistance (Rf0). Therefore, it was a significant factor in selecting the 
electrode materials.  
In order to precisely control the intra-cochlear current flow, an electrical equivalent 
model was proposed by Vanpouck et al [97]. The model simulated both of the 
electrode-electrode impedance and electrode-tissue impedance. An objective 
measurement: electrical field imaging (EFI) technique was applied. The technique 
could measure voltage potential and current flow between active electrodes. After 
analysing the measurement data, the method could be used to detect the electrode array 
physical movement that affects conductivity. Based on the conception, Choi et al. [98] 
proposed a finite element model. By analysing the results from the model, impedance 
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values between electrodes could be calculated. Based on these impedance values, an 
impedance matrix of all electrodes in the array had been created.   
 
2.3.4 Impedance Sensing Application 
Electrodes impedance measurements were usually applied for diagnostic purposes. 
Carlson et al. [99] showed that 66% of electrode failures happened intra-operatively 
and 8% of which occurred at the first activation. The remaining electrode failures 
happened within one year after the array implantation. Impedance measurements at 
the initial activation were useful for evaluating the integrity of the electrodes. Several 
papers have evaluated electrode failure properties at the early stage of activating CI 
array [99][100][101][102][103][104][105][106]. By applying the monopolar 
impedance measurements, abnormal electrodes (open circuit (OP) and short circuit 
(SC)) could be diagnosed intra-operatively and post-operatively [104]. However, 
monopolar sensing was considered to have poor sensitivity in detecting the electrodes 
short circuit. The incidence of SCs might be underestimated. For the post-operatively 
impedance measurements, several papers [104][107][108] assessed long-term 
electrode impedance changes and CI array failures.  
Tan et al. [30] developed a prototype software system to extend the functionalities to 
measure continuous electrodes impedance values during the electrode array insertion. 
Impedance feedback values were useful to guide robotic electrode insertion, to guide 
surgeons to achieve atraumatic electrode insertion and to provide electrode position in 
the cochlea. In their latest version [30], the recorded impedance values could be 
processed and plotted in real time to allow users to see how the impedance was 
changing throughout the process of insertion. One of the impedance measurement 
results is shown in Figure 2-18.      
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Figure 2-18: Real-time electrodes impedance changes against with time. E indicated 
which electrode was applied in sensing. (Image from [30]) 
The working principle of continues impedance measurement (CIM) system was that 
when a known voltage between two or more electrodes were applied, the current 
passing between them could be measured. The measured impedance was determined 
by dividing the voltage and the current passed by. A continuous series of impedance 
values could be recorded and entered into a text log. Therefore, insertion trauma could 
be detected and prevented before it occurred. 
By analysing the impedance values, the electrode array status and any physical events 
that might affect the impedance were capable of being recognized. Ideally, an 
electrode array should not touch the cochlear walls during insertion to prevent any 
intracochlear trauma. The impedance of the measured electrodes was higher when the 
electrodes touched the cochlear wall compared to those measured electrodes stay in 
the middle of the scala. It was due to that perilymph had a ten times higher conductivity 
than cochlear walls, especially when the stimulating electrodes were on a single side 
that facing to the cochlear modiolus  [30]. 
Bipolar impedance measurement was applied by Pile et al. [109] to differentiate 
between the standard insertion techniques (SIT) and the Advance off Stylet technique 
(AOS). Perimodiolar electrode arrays were inserted into temporal bone specimens. 
Buffered saline was used as the conductive liquid due to the similar electrical 
properties as the perilymph. Bipolar impedance measurement results demonstrated 
that there were significant differences between the SIT and AOS techniques [109]. 
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Therefore, bipolar impedance could be applied to detect electrode arrays motion and 
optimize the electrode arrays intracochlear placement. 
 
 Conclusion 
Tn the literature review, force profiles of various types of CI electrode array insertions 
into distinct types of tympani models was fully investigated. Insertion force 
measurement had the advantage in providing feedback information to the insertion 
system. However, the method could not detect behaviours of the electrode array inside 
the cochlea. The states and movements of the electrode array might not be reflected in 
the force profiles. In order to fully understand the movements and behaviours of the 
electrode array intracochlearly, bipolar impedance sensing method could be employed.  
Continuous impedance measurement (CIM) has confirmed that real-time impedance 
was easily obtainable and changing apparently with electrode intrascalar position 
changes. However, several limitations of the CIM existed.  
1. The CIM system could not discriminate electrode states and notify surgeons in real-
time.  Hence, the automated discrimination of the electrode array insertion could 
not be achieved. 
2. The precision of the electrodes impedance measurement remained unknown. It was 
due to the lacking of reference information (like insertion force) and comparison 
with other sensing information.  
3. During the continuous capacitance measurement, only the two measured electrodes 
were activated. The behaviour and movement of the remaining electrodes remained 
unknown. The remaining electrodes might damage the intracochlear structures. The 
capacitance sensing method could be improved by activating more electrodes or all 






Chapter 3  
 
Methodology and Experimental Tools 
The overall expectation of the automated feed system was that once it was placed in 
position, it would feed an electrode into the cochlea automatically by controlling the 
velocity, the state of tissue interactions and also the final position of the electrode array. 
The designed feed system would have the ability to avoid excessive disturbance by 
accounting for pressure, force and toque transient as well as the interactions between 
the electrode array tip and internal tissue structure of the cochlea.  
The goal of this chapter was to describe the signal-sensing methodology including the 
force and capacitance signals during the electrode array insertion. In this chapter, the 
hardware and software design of the experimental tool and the cochlear model would 
be introduced.  
The rest of this chapter was organised as follows: Section 3.1 highlighted the basic 
principle of the automated feed system. Section 3.2 described the electrode array 
utilised in the project. Section 3.3 covered the movement stages and their drivers, 
including both the hardware and software applications. Section 3.4 described the force 
measurement methodology of the electrode array. Section 3.5 introduced the 
capacitance-sensing methodology of the electrode array, including a cochlear model, 
LCR meter and channel switching board. Finally, Section 3.6 concluded the chapter.   




 Overview of the Automated Feed System 
The proposed automated feed system was intended for research clinical applications. 
Algorithms would be developed to fulfil the offline data processing tasks. Key 
requirements of the system were listed before detailed discussion. 
 The system should have the ability to detect the feeding force and discriminate 
three patterns during an electrode array insertion. 
 A controller operating system was developed to control the electrode array 
insertion angle, velocity and position. The insertion progress could be repeated 
to achieve consistent electrode array insertions. 
 A vision system was created to serve as an interface between the user and 
device in order to demonstrate the insertion progress of the electrode array.  
The overview block diagram of the proposed experimental feed system is shown in 
Figure 3-1. 
 
Figure 3-1: The overview block diagram of the proposed experimental feed system. 
The goal of the proposed feed system was to achieve safe and consistent implantation 
by controlling the electrode array feeding into the cochlea model. Electrode capacitive 
signals and insertion force data would be used to interpret the state of the electrode 
array during the insertion. Based on these sensory signals, the control strategy would 
be applied to control the electrode array feed rate, position and velocity of insertion 
devices. This would augment the process of determining sensing and control strategies. 
In our research, all data interpretation algorithms, control strategies, and the user 
interface would be produced with software on a computer. Similarly, results from the 
insertion process and states of the electrode array insertion progress would be 

























Experimental tools of the system are shown in Figure 3-2. 
 
Figure 3-2: Experimental tools of the automated feed system. 
There were several aspects of designing the phantom unit, including hardware 
development, model creation, software integration development, testing and 
refinement. The hardware included two translation stages, one rotation stage, three 
LCR meters (ISO-TECH, LCR1703), cochlear models, an electrode array and its 
holder. The mechanism of LCR meters were detailed in Section 3.5.2. The movement 
stages were professional assembled and calibrated by Physik Instrumente (PI) staff. 
The remaining parts were designed and assembled by the author. Software integrated 
with the feeding device were developed to generate a user interface to realise and 
control the real-time visualization system of the whole drilling procedure of the 
electrode array. MATLAB software was utilised to program and control the 
continuous feed machine system. A three-dimensional (3D) model of the human 
cochlea was formulated, as the cochlear model creation based on real human cochlea 
was difficult and expensive to obtain. The model had a similar stiffness and 
proportional size to real cochlea. Further, the model helped in understanding and 
examining the whole process of the electrode array feeding. A switch channel board 
was developed to measure the capacitance from multiple pairs of electrodes.   




 Cochlear Implant Electrode Array 
The electrode array utilised in this project was a Digisonic® SP electrode-array which 
was manufactured and supplied by a cochlear implant manufacturing company Oticon. 
The electrode array had basal diameter of 0.5mm and apex diameter of 0.4mm [56]. 
Picture of the apex part of the electrode array is shown in Figure 3-3. 
Diameter at the Apex: 
0.4mm
Insertion length: 25mm




Diameter at the Base: 
0.5mm
Straight with shape 
memory materials
 
Figure 3-3: The apex part of the electrode array utilised in the project. (Image from 
[52]) 
Comparing to standard specifications, the electrode-array had the advantages in the 
smooth surface, reduced diameter, and flexibility [52]. Its smooth surface, small 
diameter and memory shape ensured that the inner cochlear structures were preserved 
as much as possible.  
The electrode array was formed by three parts: electrode contacts, electrodes carrier 
and wires. The electrode array had 20 micro-machined titanium-iridium electrodes 
with the stimulating area 0.46 to 0.60 mm² [56]. All electrodes were surrounded by a 
silicon carrier and each electrode was connected with a wire.  
  




3.2.1 Electrodes  
The electrode array held 20 active titanium-iridium contact electrodes and had deep 
insertion length of 25 mm [56]. These contact electrodes had the capacity to simulate 
the complete sound spectrum of the human cochlea. Distance between the adjacent 
electrodes was around 1 mm. The shape of the electrode is shown in Figure 3-4. 
 
                              (a)                                                                                 (b) 
Figure 3-4: (a) Structure of a cochlear implant electrode (b) An electrode on finger. 
Average active area of an electrode ranges from 0.46mm2 to 0.6mm2. (Image from 
[52]) 
Each electrode was made of platinum iridium with the average activing area 0.46mm2 
to 0.6mm2 [56]. Surface of the electrode was a smooth semi-cylinder that attached to 
the electrodes carrier. Each electrode was controlled and stimulated through a wire. 
All the 20 wires were squeezed inside of the electrode cylinder chamber and the 
electrodes carrier. The electrodes probe was manufactured and supplied by a cochlear 
implant manufacturing company Oticon. Each electrode was so tiny and dedicate that 
any extra sensor would destroy the usability and functionality.  
  




3.2.2 Electrodes Carrier 
Material of the electrodes carrier was silicon. The shape of the electrodes carrier was 
straight with shape memory. This design would minimise the array insertion force and 
preserve the residual hearing. There were two push rings located at the base that would 
assist the electrode array insertion.    
 
3.2.3 Electrodes Wires 
In order to implement a precise measurement, each wire output from an electrode was 
soldered to a pin of a 20-pin male dual row header connector. The electrode array and 
the mounted circuit board are shown in Figure 3-5. 
 
                              (a)                                                             (b) 
Figure 3-5: Electrode array and mounted circuit board. (a) The electrode array utilised 
in the project that held 20 active platinum contact electrodes. (b) The electrode array 
was fixed onto a circuit board with wires connected to a 20-pin male dual row header 
connector. 
The connector, as well as the electrode array, was mounted onto a circuit board to 
avoid damaging the wires. This mounted circuit board forced the distance fixation 
between each wire. It minimised the environment capacitance disturbance and was 
consistent for implementing the measurement. The board would be firmly glued onto 
the vertical movement stage.  
  




 Insertion Devices 
The electrode array insertion system consisted of two main components- hardware and 
software. With the hardware, two translation stages, one rotation stage and an 
electrode array holder would be described in detail in section 3.3.1. For the software, 
a MATLAB program was developed to control the insertions would be discussed in 
section 3.3.2. A Graphical User Interface (GUI) was crafted to demonstrate control 
progress and record the array position in real-time. 
3.3.1 Hardware Development 
Two translation stages, one rotation stage and an electrode array holder would be 
described. A picture of the electrode array feed system is shown in Figure 3-6. 
 
 
Figure 3-6: (top) The electrode array feed system was composed of two axis movement 
stages, one rotation stage, a force sensor and a CI electrode array holder. (bottom) 




















3.3.1.1 Physik Instrumente Translation Stages 
The translation stages utilised in the project were the Physik Instrumente (PI) product, 
M-404 precision translation stages, with the objective of generating movement of the 
horizontal and vertical axis. The translation stages had the advantages of cost-effective 
design, wide travel range (100 mm) and minimum incremental motion (0.25 µm) [110]. 
The high-resolution movement satisfied the high-precision requirement of the 
cochlear implant electrode array surgery.  
Drivers of the stages were the Physik Instrumente (PI) product C-863 mercury servo 
controller [111]. Each stage was controlled by a single controller. RS-232 serial 
communication cables were employed to facilitate communication between stage 
controllers. The address of each stage controller was separated by the 8-bit DIP switch. 
An image of the controller is seen in Figure 3-7. 
 
Figure 3-7: C-863 mercury servo controller. 
The C-863 mercury servo controller could be controlled through USB/ RS-232 serial 
cable [111]. The RS-232 out port was utilised to communicate with another controller. 
The 8-bit DIP switch dominated the device address (switches 1-4), communication 
baud rate (switches 5-6), limit switch mode (switch 7), and firmware update mode 
(switch 8). From Figure 3-7 settings of the controller were: device address was 1, baud 
rate was 9600, limit switch mode was off and firmware update mode was off. Apart 
from the device address, settings of the other controllers were identical. 
  




3.3.1.2 Physik Instrumente Rotation Stage 
Another part of the hardware was the Physik Instrumente (PI) product M-061 precision 
rotation stage [112]. It provided continues rotation range with the high incremental 
resolution 17.5 µrad. The rotational stage was applied to investigate the optimal 
insertion path by adjusting the angle.  
One rotation stage was integrated onto the force sensor and the vertical translation 
stage that was shown in Figure 3-6. Identical to the translation stage, the controller to 
the rotation stage was the C-863 Mercury servo controller.  
3.3.1.3 An Electrode Array Holder  
The electrode array holder was created by a three-dimensional laser printer that could 
be fully mounted onto the force sensor. The holder is shown in Figure 3-8. 
 
Figure 3-8. An electrode array holder. 
In this method, a clamp held the electrode array by various forces to simulate the 
holding by surgeons. Electrode wires passed through the central lumen of the holder 
to connect to the circuit board. Fixation of the electrode array enabled consistent 
measurements as the insertions noises were minimised.   
  




3.3.2 Software Development  
3.3.2.1 Automated Control system 
The software used to drive the PI system was based on the MATLAB and a specific 
tool library was used that was PI_Mercury. In order to achieve the best performance 
of the PI system, a Graphical User Interface (GUI) was created in MATLAB to help 
the user to control the three stages. The initial interface of the GUI is shown in Figure 
3-9. 
 
Figure 3-9: initial interface of the GUI based in MATLAB. 
From the GUI interface, there were two main functions: moving by controlling of the 
speed and directions and the other one was moving to a certain position. From Figure 
3-9, the initial communication between the feed system and PC was the ‘Initialization’. 
The communication was achieved by initializing the settings and sending commands 
to give each device a separated address to fully control of the devices. The codes of 
the initialization wrote in MATLAB are shown Figure 3-10. 





Figure 3-10. Initialization Code. 
From the code above, the device controller was defined and the model of each stage 
was specified. Under the initialization, each stage was initialized and split by separated 
address to allow the parallel real-time communication and controlling by the users. 
The other initialization part of the program was the ‘Reference Position’ that was 
shown in the move to position section. Similar to the ‘Initialization’, the ‘Reference 
Position’ would build the communication between the devices and the PC. But more 
than ‘Initialization’, the device would move to the reference position with a specific 
speed as soon as the communication was built.    
Apart from the initialization program, there were many functions programed to 
manually control the device such as the ‘STOP’, ‘PAUSE’, ‘MOVE 
FORWARD/UP/DOWN/BACK’ and ‘CLOCKWISE/ANTICLOCKWISE/STOP 
ROTATION’. Among them, the ‘STOP’ key would break the whole communication 
between the device and PC; the ‘PAUSE’ key would pause the device movement and 
keep the communication.  The codes are shown in Figure 3-11. 






Figure 3-11. ‘STOP’ function code and ‘PAUSE’ function code. 
From the code above, ‘STOP’ function sent ‘1’ to break the communication however 
the ‘PAUSE’ function would keep the communication but set the movement speed to 
0 to pause the device movements.  
The other functions in the axis control panel were move Up/Down/Forward/Backward 
and clockwise/anticlockwise rotation. The speed of the movement was typed in 
manually or sliding from the speed slider box. Due to similarity in structure, the codes 
of the forward movement are shown as an example in Figure 3-12. 





Figure 3-12. Moving forward function. 
The principle of the axis movement and rotation was by returning of the speed string 
to algorithm so that the speed value could be stored into a string and passed to the 
main function.  In this method, the axis movement and rotation speed could follow the 
speed in real-time. The speed of this system was limited between 0 and 10 mm/s to 
avoid the any fast movement damage to affect the precise movement. Fast stage 
movements caused huge momentum that affected the stages stabilization. Also, the 
speed was too fast and unnecessary in this precise project.   
Apart from the ‘Reference Position’, the other functions in the ‘Move to Position’ 
section included the ‘STOP REF’, ‘X POSITION’ and ‘Y POSITION’. Similar to the 
‘STOP’ function in axis control section, the ‘STOP REF’ would break the whole 
communication between the devices and PC. ‘X POSITION’ and ‘Y POSITION’ 
would allow users to enter the specific X and Y position that the device moved to with 
the default speed. The function allowed the stages automatically move to the desired 








 Three-Axis Force Sensor 
One three-axis force sensor (Nano17 Titanium Transducer, ATI Industrial Automation, 
USA) was integrated between the electrode array holder and the rotational device to 
collect force data from all three Cartesian Coordinates [113]. Picture of the force 
sensor is shown in Figure 3-13. Force data was collected by a data acquisition card 
(DAQ) device [114]. Before each experiment, the system was calibrated by a supplied 
load file to convert the input voltage signal to a force reading.    
 
Figure 3-13: The three-axis force sensor. 
The force measurement system included a force sensor (Nano17 Titanium) and an 
electrode array claw. The setup was by using force sensor to detect the force insertion 
of the electrode array. The Data Acquisition Module (DAQ) was formed by an ATI 
data acquisition device and NI USB6211 multi-functional input/output device. The 
handling software was able to collect the three axis forces at 10Hz, which indicated 
there were 10 signals per axis per second was recorded. The software was possible to 
operate in any operating system like Windows XP.  
With respect to the software, the Calibration file was FT15407.cal. It was used to 
convert input signals into the three forces and torque. The force X, force Y and force 
Z indicated the three axes that was horizontal, vertical and perpendicular to the surface 
force. The X, Y and Z were marked on the sensor, thus before the measurement, these 
forces were necessary to be calibrated to have the same direction with the electrode 
array holder. In this experiment, the vertical angle in the software was adjusted 40o 
clockwise to match the vertical axis.   




 The Capacitance Sensing Methodology  
3.5.1 Three-Dimensional Cochlear Phantom Model  
A translucent 3D cochlear model of proportional size of the human cochlea and its 
supporter were printed by 3D printers. The printing materials were Veroclear and 
Accura 60 respectively. Both of them were non-conductive materials. The models 
were built by the 3D CAD design software SOLIDWORKS (SOLIDWORKS, 
Dassault Systèmes SolidWorks Corporation, the U.S.).  
In the study, a cochlear implant electrode array was robotically inserted into an 
artificial model. The model was 3D printed with an identical opening size to the real 
cochea. However, the 2D inner path was twice the average size of a real cochlea with 
a proportional central curvature. Unlike a manual CI array insertion, only at this design 
the robotic could  fully insert the array into the model. However, the longer and 2D 
insertion path might significantly affect the measured signals values. The 
methodology was based on an assumption that capacitive signals trending was similar 
between an actual cochlear size and the enlarged model.  
The translucent 3D cochlear model was firmly glued onto a supporter and the 
supporter was glued onto the bottom of a glass before insertions. The glass was filled 
with conducting liquid to simulate the environment of the inner human cochlea. The 
inner path was carefully washed by a needle to avoid any air bubbles attaching to the 
inner track. The electrode array holder was screwed onto the rotational device. It has 
a central lumen to clip the electrode array straight. The tip of the clinically used 
electrode array was placed at the entry of the cochlear model. The preparation and 
alignment is shown in Figure 3-14. 





Figure 3-14. Before the insertion, the electrode array was clipped straight at the entry 
of the translucent cochlear model. It was placed in close proximity to the inner side 
wall. 
The whole insertion progress was recorded by a HD video camera (FS200, Canon, 
Japan) to analyse the behaviour of the electrode array inside of the model. The start 











Figure 3-15. Definition of the angle of insertion. The start position of the first spiral 
was defined to be 0o.  
The path above the start position of spiral was straight, which simulated the round 
window insertion. The finish position of the first spiral was defined to be 90o which 
followed the vertical axis. The finish position of the second spiral was defined to be 




180o and the finish of the third spiral was defined to be 270o. This logarithmic spiral 
shape followed the biological structure of the cochlea. However, during the insertion, 
the electrode array would only follow the spiral curve until full contact occurs between 
the first two electrodes with the outer side wall.  
Using this model, an insertion angle against capacitance/ force plotting was produced 
based on the synchronized insertion length data. Data were presented in the result 
section as capacitance and average force versus angle of insertion. 
An insertion example was portrayed in Figure 3-16. By comparing the recorded video 
with the capacitance fluctuation, the movement of the electrode array was shown in 
the screen cut. There were four sections of the electrode array insertion up until 180o: 
before 7 mm, between 7 mm and the first contact at the bottom of the outer wall, 
between when the tip first makes contact and the slide along the wall, and, lastly, the 
continually sliding section following along the cochlear wall. The corresponding four 
insertion lengths of changing were: 9 mm, 13 mm 16 mm, and 19mm. The video 
screenshot of these insertion lengths are shown in Figure 3-16.  
 
Figure 3-16: Different insertion progress states. (a) 9mm insertions, the tip of the 
electrode started to touch the inner wall. (b) The electrode array had already separated 
from the inner cochlear wall. (c) The electrode array touched the outer cochlear wall. 
(d) 19mm; the electrode array laid down at the bottom of the model. 
(a) (b) 
(c) (d) 




In the beginning, before the angle was 0 degree, the electrode array was inserting along 
a straight, inner wall, where there was limited force applied to the electrode array. 
During the second stage, there were many activities. First, both of the electrodes made 
contact with the inner wall. After 11mm, the tip of the electrode started to move away 
from the inner wall, leading to an increase of the capacitance due to the conductivity 
effect. At 13mm, the first electrode started to make contact with the bottom wall. The 
buckling and releasing event caused fluctuations of the electrode array. From the 
insertion length, both of the electrodes contacted the bottom wall. After 20mm, the 
electrode array had been inserted smoothly was shown as stable. 
  




3.5.2 LCR Meter and Channel Switchboard 
3.5.2.1 LCR Meters 
There were 20 contact electrodes in the electrode array and each of them had a wire 
connect to a pin header. The capacitance between coupled electrodes was measured 
by a LCR meter [115] at a frequency 100 KHz. The AC test voltage was 600mVrms 
with a high accuracy ± 0.05% [115].  
The three LCR meters (ISO-TECH, LCR1703) used in the project were based on the 
ES51919/ES51920 Cyrystek chipset [136]. The chipset could measure inductance, 
capacitance, resistance with secondary parameters, such as dissipation factor (D), 
quality factor (Q), phase angle (θ), equivalent series and parallel resistance (ESR and 
Rp) [136]. In the project, the operation frequency was set to be 100 KHz at the parallel 
mode. The equivalent circuit of the parallel capacitor mode is shown in Figure 3.17.  
    
Figure 3.17. Impedance in parallel mode. (Left) The impedance consisted of resistance 
(Rp) and reactance (Xp). (Right) Phase relationship between resistance and reactance. 
(Figure from [136]) 
To minimise the parasitic impedance, the maximum measuring frequency of 100 KHz 
was selected. It was due to the fact that with higher measuring frequencies, capacitors 
became lower impedances. In the equivalent circuit of capacitors, series resistance (Rs) 
and parallel resistance (Rp) were both existed, but Rp was dominant in small 
capacitors (<2nF) (± 0.1pF) and Rs was dominant in large capacitors [136]. As the 
capacitance measured was relatively small in the project, parallel mode was used to 
perform the measuring.  
Unlike a general multi-meter, the LCR meter could measure DC resistance and AC 
impedance. In the equivalent circuit, the admittance, Y, was the reciprocal of 





















Where Rp was the real part resistance and jXp was the imaginary part reactance in 
parallel mode. In the capacitive circuit, capacitance could be determined by finding 
the ratio of the resistance to the reactance. Hence, D, the dissipation factor, was 
employed to symbolize the ratio of the real part of impedance to the imaginary part, D 
= cot θ. The reciprocal of the ratio Q was known as the quality factor, Q = 1/D.  
Before each experiment, the self-open/short calibration procedure of the meter was 
conducted by shorting the SMD test probe. The procedure was necessary to reduce the 
parasitic effect of the test fixture to get a better accuracy for impedance measurement. 
The LCR meter connected to the PC through a standard USB cable. The measured 
data was recorded in the PC and stored in the software WINDMM700 at a frequency 
2 Hz. 
Therefore, the capacitive values measured would only be useful for others under the 
same experimental conditions, such as same saline concentration, temperature, model 
geometry, materials, CI array manufacturer, type and etc. However, the signals 
trending information during the CI array insertion could be useful for other relevant 
research. The trending information indicated the changes of capacitance during a CI 
electrode array insertion. In addition, the experimental methodology, pattern 
discrimination method and switching board would be helpful for other researcher to 
continue on this work.   
 
3.5.2.2 The Channel Switch board 
In conducting liquid, the measuring voltage across electrodes disturbed each other 
when measuring two or more couples of electrodes at the same time. The reasons and 
outcome would be described in detail in Chapter 5. In order to measure three pairs of 
electrodes during the electrode array insertion, a switching board was developed to 
measure one pair of electrodes at a time. Setup of the LCR meters and channel 
switchboard is shown in Figure 3-178. Mechanisms of the channel switch aboard 
would be detailed in Section 7.1.  





Figure 3-17: Three LCR Meters and a Channel Switchboard. 
The channel switchboard was built based on a microcontroller 
(STM32F103C8T6.2015) and a transistor array (ULN2003). The microcontroller 
incorporated ARM® Cortex®-M3 32-bit RISC core and it operates at 72 MHz 
frequency [116]. The device worked from 2.0 V to 3.6 V, supplied by the PC 
connected to it. The microcontroller was programmed to control the on and off states 
of five transistor arrays. It sent 6 different output signals to operate with the transistor 
arrays to realise the 3 channels switching activities. Each transistor array had two 
output wires. By sending commands to the microcontroller, each channel was 
switched to be ‘ON’ and ‘OFF’. A mini USB cable was used to communicate with the 
PC to control the channels ON, OFF and the whole activating time. The operation and 
results would be explained and discussed in detail in Chapter 7. The embedded 
programming environment was ARMKeil - MDK 5.17 [117] and a serial port debug 
tool SSCOM was used to send commands to the microcontroller. 




In the software section, the embedded programming environment was ARMKeil - 
MDK 5.17 [117]. A serial port debug tool (SSCOM) was used to communicate 
between the microcontroller and the PC.  
There were three channels of the board and the measuring time (ON) was set to be 
500ms and the switching time (OFF) was 50ms. To compare the continuous 
capacitance measurement and the switching board capacitance measurement, each of 
the three channels were continually measured three times. The switching board 
capacitance measurements were performed three times.  
  





In this section, the feed system sensing methodology and experimental tools were 
detailed described. Hardware and software of the system work corporately to 
implement force and capacitance sensing activities. These sensing data during the 
electrode array insertion were gathered and analysed to discriminate different insertion 
features.  
The hardware of the system included: 
 A cochlear implant electrode array for clinical use. 
 Two movement stages and one rotational stage. 
 An integrated force sensor.  
 An array holder, a translucent Cochlear model and its supporter. They were 
built by 3D printers. 
 Three LCR meters and a channel switchboard.  
The software of the system included: 
 A graphic user interface (GUI) based on MATLAB. MATLAB would also 
implement the data analysis task. 
 An ATI data acquisition (DAQ) system with a voltage-force calibration file. 
 3D CAD Design Software – SOLIDWORK. 
 Capacitance data acquisition software WINDMM700.   
 Embedded programming software ARMKeil - MDK 5.17 (Keil). 





Chapter 4  
 
Force Measurement of the Cochlear 
Implant Electrode Array Insertion in Vitro    
Within this Chapter, the theoretical analysis and experimental results of the insertion 
force were presented. According to the literature review, the electrode array insertion 
force was currently the principal means to evaluate insertion behaviours. A force 
model simulating the first contact between the array tip and cochlear inner wall was 
proposed. Force profiles of a phantom array and electrode array insertions would be 
evaluated and discussed.   
The structure of this chapter was organised as follows1. Section 4.1 covered the 
theoretical analysis of the mechanical behaviour of an electrode array. Section 4.2 
investigated the force profiles of a phantom array and evaluation process. In Section 
4.3, the electrode array insertion force profiles were illustrated and analysed. Lastly, 
Section 4.4 concluded the chapter.
                                                 
1 The contents of this chapter have partly appeared in “Capacitance Measures during Cochlear Implants Electrode 
Array Positioning” by HOU, L., Du, X. and Boulgouris, N.V. (2018). Capacitance Measures during Cochlear 
Implants Electrode Array Positioning. In: 10th International Conference on Bioinformatics and Biomedical 
Technology (ICBBT '18). New York, NY, USA: ACM, pp.78-82. DOI: 10.1145/3232059.3232069 
 




4.1 Mathematical Model for Cochlear Electrode Array 
Deflection during Insertion 
4.1.1 Introduction 
The purpose of the theoretical analysis was to analyse the mechanical behaviour of an 
electrode array. When inserting a cochlear implant electrode array into a cochlea 
straight, the array would bend during the insertion along the outer wall of scala 
tympani (ST). Exerted force between a cochlear array and the scala tympani (ST) wall 
during the first turn was the primary cause of trauma in cochlea [29]. Therefore, it was 
essential to minimise the extorted force that was also known as the resultant force felt 
by surgeon during the electrode insertion. The model created was able to interpret the 
deformation when electrode tip slides along the ST wall. In order to analyse the 
behaviour of electrode array, a numerical analysis method: finite difference methods 
(FDM) was applied to divide the electrode into finite segments. Each of the segments 
was treated as a small deflection cantilever beam with the linearly elastic material [30].  
 
4.1.2 Mathematical Model for the Array First Contact  
For this study, a long, slender cantilever beam made of the linear elastic material was 
modelled. It was assumed that the beam was inextensible because any change in length 
was assumed negligible compared with the original beam length. The cross section of 
the beam was assumed to be constant which indicated the effect of Poisson’s ratio was 
neglected [31]. It was also assumed that the Bernoulli-Euler bending theory was valid. 
Lastly, the deflection due to the weight of the beam was assumed negligible.  
Although the overall interaction between the electrode and the scala tympani was three 
dimensional, the following analysis and model developed could be extended to 
electrode behaviour and tip contact. At any of the contact point, the directional 
insertion force would be represented by F. It was composed of an insertion force from 
surgeons and the array’s own weight. When contacting to the inner wall, the force F 
could be decomposed into an advancing force F1 and the force exerted on the ST wall 
𝐹𝑠 in basal turn. The insertion force breakdown diagram is shown in Figure 4-1. 





Figure 4-1: Insertion force diagram when electrode first contacts the ST outer wall in 
the plane of the basal turn. 
From the figure, insertion force F composed of an insertion force from surgeons and 
the array’s own weight. It determined an advancing force F1 and a force perpendicular 
to ST wall  𝐹𝑠. The angle of the electrode impacted onto the ST was represented by β. 
The relationship between them was shown in Equations (4.1) and (4.2). 
 𝐹𝑠 = 𝐹sin𝛽 (4.1) 
 𝐹1 = 𝐹cos𝛽 (4.2) 
It was assumed the insertion speed was slow and constant, thus the electrode insertion 
could be treated as quasi-steady. Hence, the advancing force F1 was equal to the sum 
of resisting friction force f and viscous force fv. By definition, friction was equal to f 
= µ𝐹𝑠, where µ was the coefficient of friction between the electrode and the ST outer 
wall.  Thus 
 𝐹1 = 𝐹cos𝛽 = µ𝐹𝑠 + 𝑓𝑣   (4.3) 
In a fully lubricated pipe, the viscous force fv was assumed to be 0. Hence, with respect 
to the electrode array, the only the support force 𝐹𝑠  acts at the tip. Orthogonal 
components of  𝐹𝑠 was composed of vertical axis force 𝐹𝑦  and horizontal axis force 𝐹𝑥. 

























Figure 4-2: Breakdown of support force in the x and y axis. 
Figure 4-2 showed a cantilever beam of length L with a concentrated force Fs applied 
at the free end. In the figure, θ0  represented the maximum slope of the beam. δx and 
δy were the horizontal and vertical displacements at the free end. The origin of the 
coordinate system was the fixed end of the beam and point A represents any point 
along the beam with coordinates (x,y). s was the arc length between point A and the 
fixed end of the beam. M was the bending moment as a function of the distances x and 
y. Fx and Fy were the reaction forces in the x and y directions. α was the constant 
angle where force F was applied, yielded the following 
 𝐹𝑦 = 𝐹sin𝛼  and   𝐹𝑥 = 𝐹cos𝛼                                (4.4) 
The Euler–Bernoulli bending moment-curvature equation was  




Where 𝑀(𝑥,𝑦) was the bending moment as a function of the distances x and y; E was 
the modulus of elastic of the material, and I was the 2nd moment of inertia of the beam 




cross section. Where s was the arc length between point A and the fixed end of the 
beam, 𝜃  represented the angle at any point along the beam. M was the bending 
moment as a function of the distances x and y. Fx and Fy were the reaction forces in 
the x and y directions. α  was the constant angle where force F was applied, 
Moment equilibrium at any points along the beam was 
 𝑀(𝑥,𝑦) = 𝐹𝑦(𝐿 −  𝑥 − 𝑥) + 𝐹𝑥( 𝑦 − 𝑦) (4.6) 




=  𝐹sin𝛼 (𝐿 −  𝑥 − 𝑥) + 𝐹cos𝛼 ( 𝑦 − 𝑦) (4.7) 










[𝐹sin𝛼 (𝐿 −  𝑥 − 𝑥)] +
𝑑
𝑑𝑠
[𝐹cos𝛼 ( 𝑦 − 𝑦)] (4.8) 
Under a constant force F, L E, I and the deflections  𝑥,  𝑦 were constants, which leads 











In order to solve the equation, the relationship between x,y and θ had to be found. For 
an infinitesimally small section of the cantilever beam, an arc length could be 






Figure 4-3: An infinitesimally small section of the cantilever beam. 




Figure 4-3 showed an infinitesimally small section of the cantilever beam. Where s 
indicated of the an infinitesimally small arc length and θ was its tangent angle 












= −(𝐹sin𝛼 )cos𝜃 − (𝐹cos𝛼)sin𝜃 (4.11) 
Equation (4.11) described the deflection curve of a cantilever beam under a 
concentrated load at the free end. As the equation was a non-linear differential 









































)2 + (𝐹sin𝛼 )sin𝜃 − (𝐹cos𝛼)cos𝜃] = 0 (4.13) 
At the free end of the beam, 𝜃(𝐿)= θ0 where θ0 was unknown, equation (4.13) could 







)2 + (𝐹sin𝛼 )sin𝜃 − (𝐹cos𝛼)cos𝜃 + 𝐶 = 0 (4.14) 
Where C was a constant. Rearranging the equation to yield 






)2 − (𝐹sin𝛼 )sin𝜃 + (𝐹cos𝛼)cos𝜃 (4.15) 




Applying boundary conditions 
𝑑𝜃
𝑑𝑠
=0 at S=L and 𝜃= θ0 at S=L to equation (4.15) to 
yield 
 𝐶 = −(𝐹sin𝛼 )sin𝜃0  + (𝐹cos𝛼)cos𝜃0 (4.16) 







)2 + (𝐹sin𝛼 )(sin𝜃 − sin𝜃0) − (𝐹cos𝛼)(cos𝜃 − cos𝜃0) = 0 (4.17) 







[(sin𝛼 )(sin𝜃0 − sin𝜃) − (cos𝛼)(cos𝜃0 − cos𝜃)] (4.18) 







[(sin𝛼 )(sin𝜃0 − sin𝜃) − (cos𝛼)(cos𝜃0 − cos𝜃)] (4.19) 
Solving ds from the equation (4.19), yielding  





√(sin𝛼 )(sin𝜃0 − sin𝜃) − (cos𝛼)(cos𝜃0 − cos𝜃)
 (4.20) 
Substituting ds to the equation (4.20) for solving dx and dy, yields 





√(sin𝛼 )(sin𝜃0 − sin𝜃) − (cos𝛼)(cos𝜃0 − cos𝜃)
 (4.21) 





√(sin𝛼 )(sin𝜃0 − sin𝜃) − (cos𝛼)(cos𝜃0 − cos𝜃)
 (4.22) 
Equations (4.21) and (4.22) should be integrated to describe the vertical and horizontal 
deflections at any points along the cantilever beam. However, there was no exact 
analytical solution to these equations. In order to find the deflected shape of the beam, 
a numerical integration was applied to find to the solution.  




4.1.3 MATLAB Solution and Verification 
4.1.3.1 MATLAB Solution 
In order to solve equations (4.21) and (4.22) the value of the maximum angle 𝜃0 under 
constant force F had to be calculated. An integrating function quadl in MATLAB was 
employed to integrate 𝜃  from 0 to  𝜃0 . The function separated the beam into 100 
sections. Each section was assumed to be small enough that its arc length was 
approximated as a straight line. Thus, the maximum angle 𝜃0  in each section was 
calculated by the equation (4.19). The goal of calculating the correct maximum angle 
𝜃0  in each section was accomplished by using the bisection method. The 
bisection method was a root finding algorithm. It repeatedly bisected an interval and 
then selected a subinterval where the root must located [32]. The error between the 
exact maximum angle and the approached root was controlled within 1x10^-4, which 
was 0.1‰ larger than the exact maximum angle. Next, the maximum angle 𝜃0 in each 
section was substituted into equations (4.21) and (4.22) to calculate the x and y 
coordinates. After storing the first section coordinates in MATLAB, the process 
repeated itself to find x and y coordinates in the next section. Lastly, coordinates in 
every section were gathered and plotted as the deflected beam curvature.  
There were a few limitations of the MATLAB numerical solution. First, the maximum 
angle at the free end was limited between zero and ninety degrees. Also, the program 
could only compute deflections of beams with a constant force applied at the free end. 
Lastly, during the electrode insertion, electrode length (L) inside of the cochlea would 
continually increase. The program could be expanded to incorporate a beam with 
increasing length. This could be achieved by adding a variable L(s) to the deflection 
curve equation in place of the L. Moreover, the program could be adjusted to handle 
the maximum angle greater than ninety degrees.   
4.1.3.2 Verification 
The above numerical integration gave a solution to the large beam deflection. The 
solution to the equation was approximated by MATLAB to further investigate the 
behaviour of the electrode array. In order to prove the approximation was correct, a 
commercial finite element analysis software ANAYS was employed. ANSYS was a 
Finite Element Analysis commercial software for engineering modelling and 




simulation [33]. Results executed from the MATLAB program were compared with 
ANSYS stimulation results.  
In this example, parameters were input both into the MATLAB program and ANAYS. 
Concentrated force of 100 N were applied vertically downward and horizontally 
leftward at the free end of an aluminium beam. The beam exhibited a length of 1.5m, 
a width of 30mm and a height of 3cm. The beam was made of aluminium with Young’s 
modulus 6.9 x1011 pa and an area moment of inertia of 6.75 x10-8 m4 [34]. After 
calculating these parameters, result curves from MATLAB and ANSYS were plotted 
and compared. In order to perform the comparison, ANSYS result curve was input 
into MATLAB.  Curves of the deflected cantilever aluminium beam under a constant 
force at the free end simulated by MATLAB and ANAYS were shown in the Appendix 
4. These two curves were compared, exhibiting a maximum y direction error of 2%. 
It demonstrated that the beam deflection theory and MATLAB programming was 
accurate to derive the large deflections of a cantilever beam.  
However, the model could only simulate the array deflection less than 90 degree in 
two dimensional. Large array deflection would involve highly non-linear analysis and 
could not use the model. In a real CI electrode array surgery, the insertion depth could 
up to 290 degree in three dimensional. Hence, the model was useful in simulating the 
first contact between the array tip and cochlear inner wall. In addition, the stiffness of 
the electrode array was soft. The force conduction mechanism might be different and 
the force model should be improved based on the array with low stiffness and large 
deflection.   




 Evaluation of a Phantom Array Insertion Force 
In the previous sensing experiments in Chapter 3, a force applied to the electrodes 
supplied the major effects of the variations of the capacitance. A force sensor was 
integrated to examine the insertion force during the electrode array insertion progress. 
The force meter applied was the ATI six-axis Force/Torque Sensor System. It was 
used to determine whether the insertion force had a relationship with the capacitance 
reading from the system. However, based on the CI electrode array was being so 
delicate, a similar stiffness soft plastic was applied to establish the insertion behaviour 
of the electrode array.  
 
4.2.1 Experiment Setup 
The force measurement system included a force sensor (Nano17 Titanium) and an 
electrode array claw. The setup of this experiment was by using force sensor to detect 
the force insertion of the electrode array. The experiment arrangement included a soft 
plastic to simulate the electrode array, a force Transducer and data acquisition module 
(DAQ). The DAQ module was formed by an ATI data acquisition device and NI 
USB6211 multi-functional input/output device. The handling software was able to 
collect the three axis forces at 10Hz which indicated there were 10 signals per axis per 
second was recorded. The software was possible to operate in any operating system 
such as Windows XP.  
In the software, the Calibration file was FT15407.cal. It was applied to convert input 
signals into the three forces and torque. The force X, force Y and force Z indicated the 
three axes that was horizontal, vertical and press force. The X, Y and Z were marked 
on the sensor, thus before the measurement, these forces were necessary to be 
calibrated to have the same direction with the electrode array holder. In this 
experiment, the vertical angle in the software was adjusted 40o clockwise to match the 
vertical axis.  
 
 




4.2.2 Insertion Strategy 
During the phantom array insertion, buckling occurred. Hence, it was important to find 
an insertion strategy to assist in inserting the electrode array. The method was to adjust 
the position of the electrode array holder by moving the actuator left; and right, while 
also rotating it to examine whether the electrode could be fully inserted. 
 
Figure 4-4: Diagram of the testing insertion strategies. 
A series of experiments were carried out to determine insertion progress. Insertion 



















Table 4.1 Electrode Array Insertion Strategies. The first column showed the array 
insertion speed. The second, third and fourth column demonstrated the position of the 
electrode array holder by moving the actuator left, right and angle turned. Each 
insertion speed combined with different position and insertion angle were tested. 











0.3 2 2 -4 
0.5 3 3 -6 
0.6 4 4 -8 
0.8 5 5 
 
1 
   
 
The electrode array was inserted from 0o to 270o (as shown in Figure 4-4) and the 
insertion strategy and path was recorded. Different insertion positions and speeds were 
attempted in order to eliminate buckling phenomena. During the insertion, the force 
data from the actuator was gathered to establish the best insertion strategy. The length 
of the electrode array was another critical issue for full insertion. The shorter the length 
was, the easier the insertion would be. In the experiments, it was found that the longest 
complete electrode array insertion was 29 mm. 
 
4.2.3 Observational Result 
During the insertion tests, buckling was caused by the friction between the electrode 
array and the cochlear wall. Various speeds did not aid in eliminating the buckling 
phenomena. During these attempts, it was observed that only an insertion of -1mm left 
of the centre of the entry hole could be applied to fully insert the electrode array. That 
meant that the electrode array had to be inserted close to the inner track, which would 
slide along the inner path. It was also observed that higher insertion speeds did not aid 
in eliminating the buckling phenomena. When the insertion speed was higher than 
0.4mm/s, buckling was more likely to happen than lower insertion speeds. Also, lower 
insertion speed provided more measured samples during the insertion, so that 0.1 mm/s 




was set for future tests. Based on the strategy, each the insertion was repeated five 
times. One of the successful insertions’ force data was presented in Figure 4-5. With 
low-speed (0.1mm/s) insertions, the information gathered was several times larger 
than the high-speed insertions. This was because these low-speed insertions’ time 
consumed was greater than with the high-speed insertions. It also had more of a chance 
to compensate or cease the insertion, rather than permitting buckling to continue.   
 
Figure 4-5: Raw force data collected from one of the successful insertions (top panel) 
and the average force of 10 points along the raw data (bottom panel). An array was 
inserted into cochlear model with a constant low speed of 0.1mm/s to the insertion 
length of 29mm.  
From the Figure 4.6, x-axis indicated the insertion length and y-axis representd the 
detected insertion force. Up to the insertion length around 19 mm, the insertion force 
was stable and low. It called the stage 1: smooth insertion. At 19mm, a small force 
peak occurred that indicated a contact between the electrode array and the wall 
happened. It was separated as the stage 2: contact. Between 19mm to the last peak 
around 33mm, the insertion force fluctuated, and the average force was higher than 
before. It was due to the electrode array had to conquer the friction force against to the 
wall. This type of force was represented as stage 3: buckling/rushing. Up to the 
insertion length of 33mm, the insertion force was stable, and the maximum force was 
below 0.1N that was acceptable during the surgery. The maximum peak force was 
significant as it reached 0.24 N that could cause damages to the inner wall. Hence, the 
stage was treated as danger and should be discriminated.   




4.2.4 Discrimination Algorithm 
A discrimination of the electrode array insertion state was created. The algorithm was 
based on MATLAB programming. When detecting the insertion force, the algorithm 
would detect different states of insertion progress. In general, there were four stages 
that had to be discriminated   
Stage 1 smooth insertion 
Stage 2 making contact with the cochlear wall 
Stage 3 buckling/rushing 
Stage 4 danger, where the force exceeds the threshold 
The flow chart of the discrimination algorithm is shown in Figure 4-6. 
 
Figure 4-6:  Flow chart of the discrimination algorithm. Four stages could be 
discriminated by the algorithm. The code was shown in the Appendix 1. 
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In order to detect these stages offline, three parameters were applied: the average value 
between 10 points, differential threshold, and force threshold. At stage one, the 
average force of 10 past points was below twice the value, and the maximum 
differential value was below the threshold. For stage two, the 10 points’ average value 
was larger than twice that of the beginning value, and the differential value was below 
the differential threshold. Stage three was the rushing stage, where the electrode array 
would bend the release and progress was repeated. Thus, the 10 values would be higher 
than the differential threshold. So, if the average value was larger than twice of its first 
20 values, and the maximum differential within 10 points was larger than the 
differential threshold, the electrode array was at stage three. During stage four, a force 
threshold was decided upon depending on the force penetrating the membrane. Based 
on these conditions, an algorithm was developed in MATLAB. The results of the 
simulation with the algorithm were found in the Results section. 
4.2.5 Simulation Results Discrimination 
The algorithm was applied in MATLAB and simulated for every point along the curve. 
The simulation results directly reflected each point at every stage. The simulation 
results of the algorithm are shown in Figure 4-7 
 
Figure 4-7: Simulation results of every point along the force curve. 




From the findings, it appeared stages discrimination was clean throughout. However, 
there were fluctuations with the rises of the stages, though this was acceptable for such 
an application. These stages would give a clear indication to the surgeon, during the 
different stages, and the fluctuations would demonstrate the changing of the stages.   
 
 The Electrode Array Insertion Force Profiles  
In the last section (4.2), the insertion force profiles of a phantom array were evaluated. 
This same methodology would be applied to a pre-clinically used electrode array. The 
goal of this section was to investigate the cochlear implant electrode array insertion 
force profiles. The array was inserted into a translucent cochlear model at different 
speed and patterns.  
The insertion force profiles were collected by the same methodology introduced in 
Section 4.1. The record frequency was 10 Hz, which indicated 10 points were recorded 
per second. Before insertions, the electrode array tip was placed at the opening of the 
cochlear model as in Figure 3-14. In Section 4.1, three insertion patterns were 
introduced: smooth insertion, buckling insertion and fold-over insertion. Two different 
insertion speeds of 0.1 mm/s and 0.05 mm/s were applied to the smooth insertion 
pattern to determine the insertion profiles. The force profiles of 40 electrode array 
smooth insertions were depicted in Figure 4-8. 
Within Figure 4-8, average force for insertion speed of 0.1mm/s was stable and low 
(<0.1N) before 270 sample length. After that, insertion force started to fluctuate but 
within the acceptable limit of 0.15N. Likewise, the average force for insertion speed 
of 0.5mm/s was stable and low (<0.1N) before 600 sample length. However, it 














Figure 4-8: Average insertion force profiles of the electrode array for 40 smooth 
insertions with the speed (a) 0.1mm/s (b) 0.05mm/s. The red curve represented the 
average insertion force of 40 insertions and the grey area was the standard deviation 
of them. The y-axis indicated the insertion force in N, and the x-axis showed the 









































Insertion Force Avergae with SD Deviation , 0.05mm/s




The sample length could be easily converted to an insertion length in mm as well as 
insertion degree. The electrode array insertion length could be achieved through 
sample length * insertion speed (mm/s). For example, 100 sample was equal to 100 x 
0.1 = 10 mm, at a insertion speed of 0.1 mm/s, and was equal to 100 x 0.05 = 5 mm at 
a insertion speed of 0.05 mm/s. 
Therefore, in Figure 4-8 (a), the electrode array insertion length was 33 mm and in 
Figure 4-8 (b) the insertion length was 36mm. In Figure 4-8 (a), the average insertion 
force increased gradually until the sample length of 270. The maximum force in the 
section was 0.626N (±0.03N). Afterwards, the average force value fluctuated 
frequently with the maximum force of 0.127 N (±0.025 N) occurring at 30.9 mm. In 
Figure 4-8 (b), before the sample length reached 600, the average insertion force value 
kept rising constantly until the maximum force of 0.107 N (±0.03 N) was reached. 
Subsequent to sample 625, the average insertion force raised rapidly to the maximum 
of 0.21 N (±0.05 N) at 36.3mm. The maximum average force of the 0.05 mm/s (0.23N) 
that was nearly twice the maximum average force of 0.1mm/s (0.127N). Therefore, 
the speed of the electrode array insertions was selected to be 0.1mm/s.   
  




The average force profiles for 35 electrode array buckling insertions are portrayed in 
Figure 4-9. 
 
Figure 4-9: Force profiles of the electrode array buckling insertions with the speed of 
0.1mm/s. 
In Figure 4-9, the red curve indicated the average insertion force of 35 insertions and 
the grey area was the standard deviation of them. The y-axis indicated the insertion 
force in N, while the x-axis showed the recording sample length. The full insertion 
length was 37.5 mm. 
Different from the smooth insertions, the average insertion force increased 
dramatically at the beginning of the buckling insertions. This was because in order to 
create the buckling pattern, the array tip start position was slightly posterior to that of 
the smooth insertions. The alignment resulted in contact between the model wall and 
the tip at the start of the insertions. Thereafter, the average insertion force increased 
slowly to the maximum of 0.174 N (±0.054 N). Small fluctuations were evident at the 





















Average Insertion Force Buckling Pattern




The force profiles of 30 electrode array fold-over insertions are shown in Figure 4-10. 
 
Figure 4-10: Force profiles of the electrode array fold-over insertions with the speed 
of 0.1 mm/s. The red curve indicated the average insertion force of 30 insertions and 
the grey area was the standard deviation of them. The y-axis indicated the insertion 
force in unit Newton, and the x-axis showed the recording sample length. The full 
insertion length was 22 mm. 
Different from insertions in Figure 4-8 and Figure 4-9, the fold-over insertion length 
was only 22 mm. This was because the fold-over pattern existed at approximately 
8mm and the insertion should be stopped immediately. The maximum average 
insertion force was 0.136 N (±0.028 N) at the insertion length of 1.9 mm, where the 
array tip first contacted the model wall.  
The discrimination of the buckling pattern and the fold-over pattern from smooth 
insertions was difficult by comparing the average force profiles. For the buckling 
pattern, the phenomenon occurred at the end of the electrode array. The body of the 
electrode array deformed in the model track. However, from the force profiles, the 
faulty behaviour only resulted in small fluctuations at the sample length of 340 in 
Figure 4-9.  
For force profiles of the fold-over pattern in Figure 4-10, the largest force value was 
apparent when the array tip firstly contacted the model wall. It reflected from the figure 
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largest force value was only 6.6% higher than the average force of 0.127 N. 
Subsequently, the average force remained stable with minor fluctuations. The fold-
over pattern could not be discriminated in the force profiles.  
Most importantly, the insertion force could not identify the position where the 
buckling or fold-over pattern occurred. The force measured was the overall insertion 
force applied at the entry point of the cochlear model. The insertion force was a 
complex force including advancing force, support force, friction force, viscous force, 
etc. Even whether the insertion was smooth or which faulty pattern occurred could be 
recognized, it was impossible to identify where the error took place. The process was 
like inserting an array into a black box that surgeons would know when errors 
happened, but could not identify the exact location of the errors. During the electrode 
array insertion process, behaviours of the array inside of the cochlea remained 
unknown for surgeons.    
Besides, in all of the force profiles, the force deviation was much larger than the 
standard value. The deviation value changed from a range between 20% and 30%. 
This suggested that there were significant differences between each individual 
insertion. Some of the insertion force profiles were shown in the Appendix 2 to 
demonstrate the differences. The differences and deviations made pattern 
discrimination impossible from the insertion force.  
Therefore, the force sensing method was not sufficient in discrimination of the faulty 
patterns. In order to solve the problem, an electrodes bipolar capacitive sensing system 
was proposed. The method was found highly sensitive at conducting solutions. By 
activating different pairs of electrodes, the CI electrode array behaviour inside of the 
cochlear model could be detected. 
  





A mathematical model for the cochlear electrode array first contacting the cochlear 
wall was created. It helped analysing the mechanical behaviour of an inserting 
electrode array. Deflection equations at any points along a cantilever beam were 
developed. Proposed solutions by the finite element analysis were verified by 
commercial software, specifically ANSYS.   
Results revealed that the insertion force was useful in designing CI arrays and insertion 
strategies.  It was able to record the contact force between the array and cochlear inner 
wall at the first around. The average force profile was similar to the results in some 
literature review. Based on the insertion force, the efforts of speed, position and 
trajectory angle of the electrode array insertion into a plastic cochlear model had been 
investigated. The results demonstrated that the array had to be inserted closely to the 
inner track of the model with a low insertion speed 0.1mm/s to avoid the buckling and 
damage. 
Force profiles for the three insertion patterns were evaluated. Most importantly, the 
insertion force could not identify the position where the buckling or fold-over pattern 
occurred. The force measured was the overall insertion force applied at the entry point 
of the cochlear model. Even whether the insertion was smooth or which faulty pattern 
occurred could be recognized, it was impossible to identify where the error took place. 
During the electrode array insertion process, behaviours of the array inside of the 
cochlea remained unknown for surgeons.  Besides, in all of the force profiles, the force 
deviation was much larger than a standard value. The deviation value changed from a 
range between 20% and 30%. This suggested that there were significant differences 
between each individual insertion. The differences and deviations made CI array 
insertion pattern discrimination lack of accuracy from the insertion force.  
In account for the unknown behaviour and location information, small force variations 
and large deviations, the force sensing method was not sufficient in discrimination of 
the faulty patterns. In order to solve the problem, an electrodes bipolar capacitive 




Chapter 5  
 
Capacitance Measurement of the Cochlear 
Implant Electrode Array                            
As per what we concluded in Chapter 4, insertion force was not an effective method 
for detecting the array behaviours inside of the cochlea. The bipolar electrode 
capacitance-sensing method should be investigated, which was applied to control 
processes in many industrial applications and machine diagnostic tasks. It could assist 
us discriminating two insertion failure patterns. The theory and influencing factors of 
the sensing measurements would be investigated in this chapter. The relationship 
between capacitance measured and environmental effect, structural effect and applied 
force would be examined and assessed.  
The structure of this chapter was as follows2. Section 5.1 covered the modelling and 
simulation of an electrode-electrolyte interface. Section 5.2 investigated how the 
environmental parameters and force affect capacitance measurement. In Section 5.3, 
the results of three electrode array insertion patterns would be presented. Finally, 
Section 5.4 concluded this chapter.
                                                 
2 HOU, L., DU, X. and Boulgouris, N.V. (2018). A Novel Sensing System for Robotic Cochlear Implants 
Electrode Array Placement. In: 2018 7th IEEE International Conference on Biomedical Robotics and 
Biomechatronics (Biorob). IEEE, pp.1133 - 1137. DOI: 10.1109/BIOROB.2018.8487984 
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 Modelling and Simulation of an Electrode-Electrolyte 
Interface 
5.1.1 Introduction 
Continuous capacitance values were measured by an LCR meter during an electrode 
array insertion. During the insertion, reasons for the possible capacitance noises would 
be analysed and the best insertion method would be recommended to minimise 
experimental disturbances. 
A capacitor was used for storing charge and energy that was formed by two parallel 
plates [124]. The area of the two parallel plates and their separation distance 
dominated their capacitance [124]. According to Gauss’s law [125], the electric field 








Where E was the electric field, Q was the total charge stored in the plates, 𝜀 was 
permittivity of the material and A was the area overlap between the two plates in square 
meters, d was the separation between the plates in meters. 
Due to the capacitance was defined by  𝑉 =
𝑄
𝐶
 . Capacitance was expressed as [126] 




where 𝜀𝑟 was the relative static permittivity of the material between the plates and 𝜀𝑜 
was the electric constant  𝜀𝑜 ≈ 8.854×10
−12 Fm−1. From Equation (5.2) capacitance 
was evidently positive proportional to the metal area overlap and inversely 
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5.1.2 Helmholtz Model Analysis 
Helmholtz [68] created the first double layer model in 1879. He proposed that a double 
layer charge existed at the electrode-electrolyte interface [68]. An inhomogeneous 
region was generated by the electric field between a metallic electrode and an 
electrolyte solution. The schematic diagram of the cochlear implant electrodes and 
Helmholtz model are shown in Figure 5-1. 
                              
Figure 5-1: (left) Schematic illustrations of the cochlear implant electrodes. The two 
charged CI electrodes filled with the electrolyte solvent repelled common ions while 
attracting counter ions of charge to the surfaces. (right) Schematic diagram of 
Helmholtz model. The separation of the charged layers was represented by d. (Figure 
from [126]) 
When immersing with electrolyte solvent, charged CI electrodes repelled common 
ions while attracting counter ions of charge to the surfaces. According to Helmholtz 
model, a separation was generated by the electric field. The behaviour of electric 
double layer was comparable to the classical parallel-plate capacitor. From the 
introduction of the CI electrodes in Section 3.2.1, the electrodes structure was semi-
circular cylinder with the activing area 0.46 mm2 to 0.6 mm2. Therefore an assumption 
on the layer distance (d) could be made.  
The apical two electrodes measured capacitance was selected to be C = 1700pF. It was 
due to that they had a constant activing area. The area was assumed one fifth of the 
smallest area in the datasheet (A = 0.46/5= 0.092 mm2), as only one outer surface 
contacted to the solution. The relative permittivity of saline solution was 80 in 20oC 
[126]. Therefore, by using the equation (5.2), distance d between the layers could be 
calculated as: 
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The distance approximation was at a same magnitude of the thickness of the 
concentrated electrical double layer (several to dozens nanometre) [135]. The 
assumption indicated the capacitance value measured was reasonable. The theoretical 
model also explained that when electrodes touched the wall, the relative permittivity 
would rise and increase the capacitance measured.  
However, the Helmholtz model was the simplest approximation for electric double 
layer. The model did not account for important factors such as ions size, ions diffusion 
and mixing in solution, electrodes surface adsorption and interaction between 
electrodes and solution dipole moments. The model could not be applied in 
quantifying the thickness between electrodes and layers. However, the model was a 
foundation for more complex models, such as Gouy-Chapman model, Stern model and 
Randles model that was introduced in Literature Review Section 2.3. 
The capacitance measurements were performed by applying two electrodes in an 
electrolyte solution. The simplified circuit diagram for the two electrodes is shown in 
Figure 5-2. 
 
(a)                                                                             (b) 
Figure 5-2. (a) The equivalent circuit model for electrode-electrolyte interfaces. (b) 
The half-cell equivalent circuit model for an electrode-electrolyte interface. 
In order to simulate the capacitance variations for a single electrode, the total 
impedance value was divided by two. This approach was reasonable if the two 
electrodes were identical in size, material and manufacturing [139]. Therefore, circuit 
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Rd= Rd1 = Rd2). An equivalent circuit model for an electrode-electrolyte interface was 
shown in Figure 5-4 (b). The half-cell potential (Ehc) demonstrated the potential 
difference between the electrode and the electrolyte. The equivalent circuit model 
consisted of the double-layer capacitance (Cd), the electrode resistance (Rd) and the 
solution resistance (Rs). Cdl simulated the charging process in the electrolyte at the 
electrode surface. Rs represented the tissue and solution resistance. It was important 
to note that Cdl was not a simple and constant capacitor and it should be adjusted with 
changing frequency. The impedance for the electrode-electrolyte interface was 
expressed as  
𝑍𝑒 = 𝑅𝑠 +
𝑅𝑑
 1 + 𝑗2𝜋𝑓𝐶𝑑𝑅𝑑
 
where Ze was the impedance for the interface and f was the frequency in Hertz (Hz). 
To analysis the model, Electrochemical Impedance Spectroscopy (EIS) by using a 
simulation software LTspice [140] was applied. The EIS method was an experimental 
technique that modelling electrochemical cell’s physical and chemical parameters 
[141]. EIS focused on the impedance modelling in the form of spectrum, usually with 
Nyquist or Bode plots. In the Nyquist diagram, the imaginary part against the real part 
of measured impedance for every frequency were plotted. A Bode diagram was a 
graph of the impedance magnitude and phase against frequency, impedance magnetite. 
The EIS was particularly useful in extracting different physical characteristics from a 
single analysis [142.].  
In the study, reasonable assumptions were made in the electrode circuit model 
components (Cd, Rd and Rs). The estimated average values for the double layer 
capacitance Cd was 1.7 nF, the electrode charge transfer resistance was 250Ω and a 
solution resistance of 100 Ω were assumed. A current source 1A was applied to the 
equivalent circuit model and the frequency sweep ranged from 1 Hz to 100 MHz were 
analysed. The Nyquist and Bode plots for the circuit simulation are described in Figure 
5-3. 




Figure 5-3. Simulation results from a half-cell equivalent circuit model for an 
electrode-electrolyte interface. (a) Simulated Nyquist diagram described the real and 
imaginary parts for the overall impedance Ze. (b) Simulated Bode diagram with 
logarithmic plot described the variation of impedance (Ze) and phase angle respect to 
change in frequency. 
In Figure 5-3 (a), the Nyquist plot for the equivalent circuit model was a semicircle. 
By sweeping the input frequency，the real part (x axis) and the imaginary part (y axis) 
for the overall impedance Ze were displayed in the same diagram. The real part of 
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capacitance. From the plot, the solution resistance (Rs) could be recognised at the 
highest frequency intercept, where located near the right end. The real part of 
impedance at the lowest frequency was the sum of the electrode charge transfer 
resistance and solution resistance. The negative sign indicated the voltage direction 
was opposite to the current source. From the Nyquist plot, double layer capacitance 
could be calculated if knowing the frequency.  
In Figure 5-3 (b), a bode plot was generated from the same set of data. Model 
impedance and phase angle were depicted against log of input frequency. The diagram 
described the variation of impedance with respect to the frequency. From the plot, the 
cut off frequency for this model was around 200KHz.  
Based on the model, the relationship between the solution concentrations and the 
measured impedance could be simulated. When voltage passed through an electrolytic 
solution, ions acted as resistors between a working electrode and an electrolyte 
interface [142]. The electrolyte resistance would directly influence the electrode- 
electrolyte interface impedance. Many solution parameters would affect the 
impedance of an electrolytic solution, such as solution concertation, ions type, 
temperature and carrier area geometry. In the thesis, as the solution properties were 
fixed, how different solution concentrations and distance to the wall affect the 









Where σ was solution conductivity that had SI units of siemens per metre (S/m), l was 
the length of the carrier specimen and A was the cross-sectional area. Therefore, 
solution conductivity had an inversely proportional with its resistance.  
To investigate how different solution resistance affect the capacitance of the model, a 
solution step resistance sweep was performed. The solution resistance was simulated 
from 1Ω to 1KΩ with a step increase of 100Ω. Same to previous assumptions, the 
double layer capacitance Cd was 1.7 nF and the electrode charge transfer resistance 
(Rd) was 250Ω. The Nyquist and Bode plots for the solution step resistance simulation 
are depicted in Figure 5-4. 




Figure 5-4 Impedance simulation results for an electrode-electrolyte interface with a 
step solution resistance sweep from 1Ω to 1KΩ with an increment of 100Ω. (a) 
Simulated Nyquist diagram described the real and imaginary parts for the overall 
impedance Ze. (b) Simulated Bode diagram with logarithmic plot described the 
variation of impedance (Ze) and phase angle respect to change in frequency.   
By sweeping the input frequency and solution resistances, the real part (x axis) and 
the imaginary part (y axis) for the overall impedance Ze were displayed in the same 
diagram in Figure 5-4 (a). With the increasing of the solution resistance, the Nyquist 
diagrams of them were similar and their simulated semicircle shifted to the left. It had 
a larger solution resistance and the overall impedance. In Figure 5-4. (b), bode plots 
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the curve simulated were similar and moved up linearly. The cut-off frequency for 
them was around 200KHz.    
From the two diagrams, the impedance of the electrode-electrolyte interface circuit 
model was assumed to have a linear relationship with the solution resistivity. It linearly 
increased with the increasing of the solution resistance but inversely proportional to 
the solution concentration.   
To investigate how electrode distance to the wall affect the capacitance of the model, 
a capacitor step sweep was performed. The capacitance was simulated from 100pF to 
2nF with a step increase of 100pF. The solution resistance (Rs) was 100 Ω and the 
electrode charge transfer resistance (Rd) was 250Ω. The Bode plot for capacitance 
sweeps simulation are shown in Figure 5-5 
 
Figure 5-5 Impedance simulation results for an electrode-electrolyte interface with a 
step capacitance sweep from 100pF to 2nF with a step increase of 100pF. Simulated 
Bode diagram with logarithmic plot described the variation of impedance (Ze) and 
phase angle respect to change in frequency.   
By sweeping the input frequency and capacitance, the real part (x axis) and the 
imaginary part (y axis) for the overall impedance Ze were displayed in the same 
diagram. With the increasing of the capacitance, the Bode plots were shifted to the left 
with a lower cut-off frequency. The Nyquist diagrams were not demonstrated here, as 
they overlapped each other. At 2nF that was the maximum capacitance measured in 
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experiments, the cut-off frequency was still around 150KHz. As such, the LCR meters 
measurement frequency 100KHz was capable to measure the capacitance during the 
CI insertion. Therefore, according to the equation (5.2), the interface distance d had 
an inversely relationships with the capacitance. The distance described the distance 
between the measuring electrode and the electrolyte/wall.  
However, the above assumptions were based on ideal conditions. In practical, most 
electrochemical interface did not have uniform current distribution through solution 
area. Values of double layer capacitance depended on many variables and conditions 
that beyond the purpose of assumptions in the thesis. Therefore, simulations of the 
model only estimated the trending of double layer capacitance under certain conditions.       
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 Environmental Factors and Applied Force Affecting 
Capacitance Measurements 
5.2.1 Effects of Solution Conductivity on Capacitance Measurement  
As in the previous section, conductivity of the solution was determined to affect the 
measured electrode capacitance to a great extent. The aim of this section was to 
investigate how the electrode capacitance values would vary with the electrode array 
shape deformation in the same solution. 
The measurement system included an electrode array, LCR meters, and a PC to record 
capacitance result. Electrodes 1 and 2 of the capacitive-sensing probe contributed to 
the measurement. The distance between the measured electrodes was estimated to be 
roughly 1mm. A temperature probe was used for the temperature measurement prior 
to the insertion of the electrode array. The temperature of all the liquid was 24±1 oC 
at room temperature. 
Seven solutions with different conductivities were used in this thesis’s conductivity 
experiments: virgin oil, distilled water, tap water and distilled water with 1 g salt, 3 g 
salt, and 5 g salt. The capacity of distilled water was 300 mL. In the experiments, 
electrodes were fully filled with liquid without making contact with the wall for three 
minutes. An LCR meter was utilised to measure the capacitance between electrodes 
under a frequency of 100 KHz. When filled with the liquid, electrode capacitance 
increased owing to the transferring electron effect with the liquid [118]. The increase 
was also demonstrated in the 1g, 3g and 5g salt water measurements. The capacitance 
results are portrayed in Figure 5-6. 
 
 




Figure 5-6:  Capacitance variations of electrodes 1 and 2 filling with six different 
solutions at a steady state (Oil, Distilled water, Tap water, 1g salt in distilled water, 3g 
salt in distilled water, 5g salt in distilled water). 
The average capacitances measured at different concentrations of liquid are depicted 
in Figure 5-7 
 
Figure 5-7: Average electrode capacitance and their polynomial trend. Average 
capacitance was shown as the solid line and its polynomial trend was shown as the 
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Within Figure 5-7, the average capacitance with seven solutions and their polynomial 
trends were plotted. In the air, oil, tap water, and distilled water states, there was less 
transfer of charge between electrodes and electrons. The results indicated that the 
average capacitance under these conditions was close to 0 pF. However, under the 
condition of high concentration liquid, in 1 g, 3 g, and 5 g salt water, the capacitance 
measured gradually increased following the rise in conductivity. Among them, 5 g salt 
water featured the highest average capacitance value of 9000 pF, whereas for the 
distilled water state, the capacitance measured was 395 pF. The notable 22.7 fold 
capacitance increased for different water liquids was indicative of the high sensitivity 
of the electrodes. Also, the average capacitance increased relatively linearly with the 
concentration of solution. It  proved the assumption we made in the modelling section.   
The concentration of salt water used in the rest of this thesis was 0.8%. Table salt 
(NaCl) was an electrolyte and becomes ions when dissolved in distilled water. The 
sodium ions (Na+) and chloride ions (Cl-) in salt water conducted electricity [119]. A 
NaCl liquid density of 0.8% (weight/volumn) was recognised to have a conductivity 
of 1.43 (S/m) [120] [121], where W/V represented the percent of NaCl weight in the 
total volume of liquid. S/m was the SI unit of liquid conductivity, which was Siemens 
per meter [122]. 
Accordingly, the conductivities of the cochlear tissues, which were derived from 
[123][84] the conductivity of the liquid in scala tympani and scala vestibule, were 1.43 
S/m. Therefore, salt water with a concentration of 0.8% could be used to simulate the 
inner cochlear liquid conductivity.  
In conclusion, the capacitance value recorded by the meter was produced not only by 
the electrodes capacitance, but also by the capacitance owing to liquid conductivity. 
In order to achieve a precise electrode capacitance measurement, the fluid capacitance 
should be deduced from the measured values. The LCR meter reading was greatly 
affected by solution conductivity variations.  
When electrodes were filled with conductivity solutions only, the capacitance rose 
with an increasing of solution conductivity. The measurements also demonstrated that 
electrodes in the array provided a sensitive method for investigating the conductivity 
of the liquid. 
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5.2.2 Slides of the Electrode Array along the Surface of Different Materials 
The goal of this section was to establish how the permittivity was affect electrode 
capacitance. The electrode array was held by the automated insertion arm to slide 
along two surfaces: glass and resin. Resin was the material used in the production of 
the cochlear 3D model. The capacitance between electrodes 1 and 2 was measured 
during the electrode array sliding. The insertion speed, which was 0.1 mm/s, was 
controlled to be identical during each insertion. The solution temperature was kept at 
room temperature at 25±0.5oC. The liquid utilised in the experiments was saline 
solution with a concentration of 0.8%.  
First, the electrode array was held by the machine arm and gradually filled with the 
solution exclusively. The results from the experiments, which are shown in Figure 5-9, 
could be treated as the reference for the rest of the insertions. Then, the electrode array 
was controlled to slide along the surface of the two masteries. During the insertion, 
the electrode array tip was kept in contact with the materials. The capacitance results 
during sliding are depicted in Figure 5-10 and Figure 5-11. 
 
 (a)                                                           (b) 
Figure 5-8: Slide the electrode array along different masteries. (a) The electrode array 
was sliding along the material Resin. (b) The electrode array was sliding along a piece 
of glass, which covered the surface of the model. 
In the first experiment, the electrode array was filled with liquid by the robot, and the 
procedure repeated 10 times. Capacitance data of them is presented in Figure 5-9. 
Resin 
Glass 




Figure 5-9: Capacitance variations when filling the electrode array with the liquid only 
(mean results ± standard deviation). The y-axis represented the capacitance measured 
between electrodes 1 and 2 in pF. The x-axis represented the sample length. Samples 
were generated with a frequency of 2 Hz, which meant two samples were generated in 
a second by the LCR meter. Green noises were the standard deviation of 10 
measurements of insertions. 
In the beginning, the capacitance measured was approximately 30 pF. This was 
because the two electrodes were exposed to air. At around the sample length of 200, 
the capacitance rose dramatically to 1.5 ± 0.1nF. This was also because both of the 
two measured electrodes were completely filled with the liquid. Liquid conductivity 
was the domination of the capacitance. Owing to the continuous charge transferred 
between the electrodes and liquid, the capacitance gradually rose after the sample 
length of 200. The average capacitance for the 10 insertions after the sample length of 
450 was 1.793 nF.    
In the second and third experiments, the electrode array slide along the surface of two 
materials 10 times respectively. The capacitance measured results are shown in Figure 






















Electrodes 1-2, filling into liquid only




Figure 5-10: Capacitance variations when sliding the electrode array along the 
cochlear model (mean result± standard deviation). The y-axis represented the 
capacitance measured between electrodes 1 and 2 in pF. The x-axis represented the 
sample length. Samples were generated with a frequency of 2 Hz, green noises were 
the standard deviation of 10 measurements.   
 
Figure 5-11: Capacitance variations when sliding the electrode array along a piece of 
glass (mean result ± standard deviation). The y-axis represented the capacitance 
measured between electrodes 1 and 2 in pF. The x-axis represented the sample length. 
Samples were generated with a frequency of 2 Hz, green noises were the standard 












































Electrodes 1-2, Sliding along the glass
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Within Figure 5-10 and Figure 5-11, the overall capacitance behaviours were similar. 
In the beginning, the capacitance signals remained approximately 30 pF. After filling 
electrodes 1 and 2 with the solution, the capacitance rose to 3.5±0.13 nF and becomes 
stable thereafter. The average capacitances for sliding along the glass and resin were 
3.23 nF and 3.25 nF, respectively. They were 80% higher than when filling with the 
solution only. This was because the permittivity of the glass and resin contributed 
significantly to the capacitance measured. According to the equation (5.2), capacitance 
increased with the relative material permittivity between the electrodes.  
In conclusion, the measured electrode capacitance was approximately 30 pF when 
exposed to air. The capacitance would increase as much as 50 fold when filling the 
electrodes with just electrolyte solution. This value would gradually rise based on the 
electron transfer event between the electrode and solution. When sliding along 
insulation materials, such as glass and resin, the measured electrode capacitance would 
be 80% higher than when filling with the solution only.  
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5.2.3 Effects of Vertical Tensile Force on Capacitance Measurement 
This section investigated the relationship between the electrode distance and 
capacitance measured in the vertical direction. From Equation (5.2), distance (d) 
between the measured electrodes was inversely proportional to the capacitance. It was 
essential to investigate how the tension force in the vertical direction affects 
capacitance. 
Three pieces of blue-tack were attached to the tip of the electrode array one by one, 
when filling the measured electrodes with liquid completely. Blue-tack was used in 
the experiments due to the fact that its weight could be easily adjusted and it could be 
attached to the end of the array without damaging it. The experimented setup is 
illustrated in Figure 5-12. 
 
Figure 5-12: An example piece of blue-tack was attached to the tip of the electrode 
array. In total, three pieces of blue-tack were attached to the electrode array tip one by 
one to adjust the vertical tension force.  
The electrode array was filled with the conducting solution at a concentration of 0.8% 
prior to the experiment. The temperature of the liquid was measured to be 25.3oC. The 
end of the electrode array was held by the automated insertion arm. The electrode array 
was placed in the centre of the solution to prevent contacting the glass wall.  
A plastic tweezer was used in the experiments in order to prevent any conductivity 
effects. Three pieces of blue- tacks were stuck at the tip of the electrode array one by 
one to simulate three vertical tension force applied to the end. Weights of the three 
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pieces of blue- tack were 3.4 g, 5.5 g and 7.1 g. Three pairs of electrodes were selected 
to receive the measurements, which were electrodes 15-16, 15-17 and 16-17. The three 
electrode pairs were chosen based on the fact that they were at the middle of the 
electrode array and could not contact the blue- tacks. When measuring the capacitance 
of electrodes pair 15-16, the lightest blue-tack was attached. Then, the second piece 
of blue-tack (5.5g-3.4g=2.1g) was attached to the first one. Lastly, the third piece of 
blue-tack (7.1g-5.5g=1.6g) was attached to the second one. In the experiment, the 
capacitance variations were recorded and depicted in the Figure 5.9(a). The 
experimental procedure repeated for measuring the capacitance of electrode pairs 15-
17 and 16-17. The capacitance variations of them are shown in the Figure 5.9(b) and 
Figure 5.9(c) respectively. The whole operations were carefully conducted to prevent 




Figure 5-13 (a): Capacitance measurement between electrodes 15 and 17 by adding 
three weights to the tip of the electrode array one by one. The average capacitance for 
electrode 15-16 was 4.15 nF in segment 0, 4.17 nF in segment 1, 4.18 nF in segment 
2 and 4.20 nF in segment 3. The capacitance incremented from weight segments 1, 2 
and 3 compared to segment 0 were 0.5%, 0.7% and 1.2%, respectively.    












Figure 5-14 (b): Capacitance measurement between electrodes 15 and 16 by adding 
weights to the tip of the electrode array one by one. The average capacitance for 
electrodes 15-17 was 4.5 nF in segment 0, 4.56 nF in segment 1, 4.57 nF in segment 
2 and 4.56 nF in segment 3. The capacitance incremented from weight segments 1, 2 




Figure 5-15 (c): Capacitance measurement between electrodes 16 and 17 by adding 
weights to the tip of the electrode array one by one. The average capacitance for 
electrode 16-17 was 2.86 nF in segment 0, 2.83 nF in segment 1, 2.82 nF in segment 
2 and 2.82 nF in segment 3. The capacitances incremented from weight segments 1, 2 
and 3 compared to segment 0 were -1.1%, -1.4% and -1.4% respectively.    
From Figure 5-15, in all of the three figures, the y-axis represented the capacitance in 
pF with the increments of 500 pF and the x-axis represented the segment of adding 
weights. Segment 0 showed there to be no weight added. Segments 1, 2 and 3 
Segment 0 1 2 3 
Segment 0 1 2 3 
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represented the three weights of 3.4 g, 5.5 g and 7.1 g were attached to the tip of the 
electrode array, respectively.  
A maximum capacitance increase of 1.5% was detected by placing the 5.5 g weight 
on the tip of the electrode array. Capacitance fluctuations occurred in the process of 
placing the weights. These fluctuations were caused by randomly reducing the 
distances between the two electrodes during weight-placing progress. Apart from that, 
changes in capacitance owing to the vertical tensile force were limited (±1.5%). The 
results demonstrated that electrodes were fixed at the silicon carrier and cannot be 
stretched. However, it was difficult to quantify the relationship because of the weight 
gravity and the buoyancy from the conducting liquid. The relationship between 
electrode space distance and capacitance would be investigated in Section 5.2.4.       
In conclusion, the vertical tensile force at the tip of the electrode array led to limited 
changes in the capacitance measured. A maximum capacitance increase of 1.5% was 
detected during the measurement between electrodes 15-17, 15-16 and 16-17.  During 
the experiments, capacitance fluctuations took place in the process of placing the 
weights.   
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5.2.4 Effects of Changing Distance on Capacitance Measurement 
The goal of this section was to investigate how the electrode space distance would 
affect the capacitance measured. Distance between electrode 20 and electrode 7 was 
shortened from 15 mm to 10 mm and 5 mm in liquid. Graph paper with a regular grid 
(5 mm) was used to measure the distance. The setup of the experiment is found in 
Figure 5-16. 
 
(a)                                    (b)                                      (c) 
Figure 5-16: Shortening electrode distance would affect the capacitance measured, 
from 15 mm to 7 mm. 
Within Figure 5-16, electrodes 20 and 7 were highlighted in red circuits. The distance 
between them was reduced and released. Graph paper with a regular grid (5 mm) was 
employed to measure the distance. Distances between electrodes 20 and 7 in Figure 
5-16 were (a) 15mm, (b) 10mm and (c) 7mm. 
The original and released distance between electrode 20 and 7 was 15mm. Distance 
between them was reduced from 15mm to 10mm and recovered. Afterwards, the 
distance between the two electrodes was reduced from 15 mm to 7 mm and recovered. 
The capacitance results are shown in Figure 5-17. 
The hypothesis was that according to the capacitance theory equation, capacitance 
increased linearly with the distance (d) decreasing. The theory of the hypothesis was 
introduced in equation (5.2)  
15mm 10mm 7mm 




Figure 5-17: Reducing electrode distance would lead to the increment of the 
capacitance measured. 
Within Figure 5-17, the y-axis represented the capacitance in pF and the x-axis was 
the sample length, which had been converted to the distance between two electrodes. 
A plastic tweezer and blue- tacks were utilised in the experiments. Firstly, the distance 
between electrode 20 and 7 was reduced from 15mm to 10 mm. The capacitance 
measured during the process rose from 8.46 nF to 8.7 nF, which was a 2.8% increment. 
After a pause of a few seconds, the distance was recovered back to 15 mm, which led 
to a capacitance decrease from 8.7 nF to 8.4 nF (-3.4%). Then, the distance between 
electrode 20 and 7 was diminished from 15 mm to 7 mm and recovered. 
Correspondingly, the capacitance measured rose from 8.4 nF to 9.1 nF with an 8.1% 
increment and recovered back to the original value (-8.1%).  
The distance between two electrodes affected the capacitance measured. Shortening 
the distance resulted in incremental changes in capacitance, which fellow the 
capacitance equation (5.2). However, because the shape of the electrodes was 
polygonal, it was difficult to calculate the overlaid electrodes area during the electrode 
array insertion process. When accounting for the fact that permittivity between two 
electrodes measured changes frequently, it became more difficult to quantify the 
relationship between the capacitance measured and the distance between them.  
Distance (mm)  15 10 15 7 15 
Reduce the distance between two electrodes 
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5.2.5 Effects of Force on Electrode on Capacitance Measurement 
In various experiments, when two electrodes were squeezed inside of an artificial 
cochlear model, the capacitance measured decreased instead of increasing. The results 
violated the basic capacitance equation (5.2) and electrode distance measurement 
resulted in Section 5.2.4. The observations demonstrated that there was a domination 
parameter affecting the capacitance during electrode array insertion. After sets of 
examinations, the domination parameter was considered to be the force applied on top 
of the electrodes.  
The objective of this section was to investigate the relationship between the force 
applied on electrodes and capacitance measured. During experiments, the direct force 
applied to the surface of two measured electrodes was considered to be one of the 
domination factors that affect capacitance. In order to select suitable electrodes for 
insertion measurements, electrode pairs 1-2, 1-3, 1-4, 2-3, 2-4, 14-15, 14-16 and 15-
16 were evaluated. Electrodes 1, 2, 3 and 4 constituted the tip section of the electrode 
array. Meanwhile, electrodes 14, 15 and 16 comprised the middle section, where the 
buckling pattern was observed. The experimental setup is depicted in Figure 5-18. 
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In Figure 5-18 (a), a 3D printed cylinder was attached to the electrode holder. The 
vertical movement of the cylinder generated force on the glass top. A force sensor, 
which was introduced in Section 3.1, was utilised to measure and record the applied 
force. The two electrodes measured were placed in the middle two microscope glasses 
to maintain their distance and conductivity, which was shown in Figure 5-18 (b).  Front 
and back views of a cylinder during pressing were shown in Figure 5-18 (c) and (d).  
In the experiments, five levels of force were applied on the top and the procedure 
repeated five times for each electrode pair. The diameter of the cylinder bottom was 
designed to cover four electrodes to avoid moving the array during measurements. The 
solution temperature was kept at room temperature of 25±0.5oC. The liquid used in 
the experiments was saline solution with a concentration of 0.8%. For example, one 
of the force experiments between electrodes 1 and 2 as well as the capacitance 












Figure 5-19 (a): five levels of raw force applied on the top of electrodes 1-2 in one of 
the force on top experiments. The x-axis showed the force level and the y-axis 
represented the value of force in N.  
 
(b) 
Figure 5-20 (b): the capacitance measurement results responding to the five levels of 
force. The x-axis showed the force level and the y-axis represented the responding five 
levels of capacitance in pF 
Force Level:                   0                      1                  2              3              4             5 
Force Level:                   0                          1            2          3              4             5 
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The evaluation procedure was repeated five times for each electrode pair: 1-2, 1-3, 1-
4, 2-3, 2-4, 3-4, 15-16, 15-17 and 16-17. The average applied force at each level 
against the corresponding capacitance is portrayed in Figure 5-21. 
 
(a) 
Figure 5-21 (a): Average force applied on top against to the corresponding capacitance 
for electrode pair 1-2. 
 
(b) 
Figure 5-22 (b): Average force applied on top against to the corresponding capacitance 





























Average force applied on top (N)


























Average force applied on top (N)
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Figure 5-23 (c): Average force applied on top against to the corresponding capacitance 
for electrode pair 1-4. 
 
(d) 
Figure 5-24 (d): Average force applied on top against to the corresponding capacitance 
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Figure 5-25 (e): Average force applied on top against to the corresponding capacitance 
for electrode pair 2-4. 
 
(f) 
Figure 5-26 (f): Average force applied on top against to the corresponding capacitance 
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Figure 5-27 (g): Average force applied on top against to the corresponding capacitance 
for electrode pair 15-16 
 
(h) 
Figure 5-28 (h): Average force applied on top against to the corresponding capacitance 
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Figure 5-29 (i): Average force applied on top against to the corresponding capacitance 
for electrode pair 16-17. 
In Figure 5-29 the x-axis in each plot represented the applied force on top in N and the 
y-axis indicated the reactive capacitance in pF. In each of the experiments, a force 
increased from 0 to 0.12N with eight increments was applied on top. From the 
literature review in Chapter 2, an electrode array insertion force as low as 0.1N would 
result in inner-cochlear tissue damage [62]. Therefore, 0.12 N of applied force would 
cover the entire electrode array insertion period. 
Overall, with the increase of the applied force, the capacitance decreased in a 
corresponding fashion. However, the relationship between them was not consistent. 
For electrode pairs 1-2, 3-4, 15-16 and 15-17, the capacitance decreased linearly with 
the increase of the force. For electrode pairs 1-4, 2-4 and 16-17, before 0.07 N, the 
capacitance decreased slowly with force elevation. After 0.07 N, A dramatic drop took 
place, leading to an inconsistent relationship between them. Lastly, for electrode pairs 
1-3 and 2-3, the capacitance decreasing became limited after 0.06 N. This led to an 
inconsistent relationship between the applied force and capacitance. According to this, 
the half-cell circuit model in Figure 5-2 could be improved by adding a force/ pressure 
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Figure 5-30: Modified half-cell equivalent circuit model of an electrode-electrolyte 
interface. A force/ pressure sensitive component represented by P was connected in 
series with the double layer capacitance.  
As the force applied to the top of electrodes was one of the dominating causes of 
capacitance variations. A force sensitive component P was added to the circuit model 
to demonstrate the inverse relationship between the applied force and measured 
capacitance. In experiments, the relationship between them was not linear, although 
in electrode pairs 1-2, 3-4 and 15-16, linear decreases were observed between the 
applied force and capacitance. That was the reason they were selected to implement 
the measurements. The linear relationship could not be defined in other electrodes or 
in other cochlear implant array until experiments proved. However, the inverse 
relationship occurred and it could be treated as non-linear. Based on the assumption, 
further improvements could be made to improve the insertion force model and link to 
the electrical circuit model. As such, a complete insertion model could be generated 
in sensing of the CI electrode array insertion progress.  
In summary, during the electrode array insertion experiments, the capacitance 
variations were measured and determine to violate the basic capacitance theorem. One 
of the reasons was because the shape of the electrodes was polygonal, it was difficult 
to calculate the overlaid electrodes area during the electrode array insertion process. 
Another reason was the electric charge exchanging phenomenon between electrodes 
and electrolyte. These causes were complex and impossible to quantify the analysis. 
However, it was found that the force applied to the top of electrodes was one of the 
dominating causes of capacitance variations. The reverse relationship of them made 
the electrode capacitance became a possible approach to measure force on top. Overall, 
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 In order to investigate the detailed relationship between them, evolution experiments 
were implemented with electrode pair: 1-2, 1-3, 1-4, 2-3, 2-4, 3-4, 15-16, 15-17 and 
16-17. The results demonstrated that electrode pairs 1-2, 3-4, 15-16 and 15-17 had a 
linear relationship between the applied force and capacitance. Therefore, the electrode 
pairs 1-2, 3-4 and 15-16 were selected to conduct the further insertion experiments.  
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 Electrode Array Insertion Results  
5.3.1 Preparations  
Setup of the automated electrode array feed system was featured in Section 3.1. The 
electrode array feed system was composed of two translation stages [110], one 
rotational device [112], one three-axis force sensor [113] and an electrode array holder. 
Two translation stages and one rotational device were driven by one servo controller 
[111] individually. As shown in Section 3.5, three LCR meters [115] contacted the 
measuring tasks. A translucent cochlear model was firmly glued onto the holder before 
experiments. The tip of the electrode array was placed at the entry of the cochlear 
model before experiments. The preparation and alignment depicted in Figure 3.14. 
The electrode array insertion speed was 0.1mm/s and insertion length was 29 mm. The 
temperature of the liquid was room temperature, 24.5oC, and its conductance was 14.3 
S/m. 
 
5.3.2 Smooth and Buckling Insertion Results 
During the electrode array insertion, the array should fellow the outside cochlear wall 
to 270o. However, owing to obstacles or jamming of the inner path, the electrode array 
tip would stop insertion with the bottom still inserting. The incident would result in a 
buckling pattern inside of the model path, leading to structural damage to the cochlear 
inner tissues. The electrode array’s smooth insertion and buckling-inside pattern are 
demonstrated in Figure 5-31. 





Figure 5-31: The electrode array smooth insertion and buckling inside pattern. The 
dash yellow circuit showed the finish position of electrodes 1 and 2. The solid red 
circuits represented the buckling pattern and non-buckling pattern. (a) The finish 
position of the electrode array was around 270 degree, (b) The tip stopped at 220 
degree which caused the electrode array buckling pattern in red circuit.  
Bipolar electrode capacitance measurement was applied to discriminate between the 
two types of behaviour. The measurements were conducted between electrodes 1 and 
2, and electrodes 15 and 16. Electrodes 1, and 2 were located at the electrode array tip 
and electrodes 15, and 16 were located at the buckling position.    
In our experiments, 38 smooth insertions and 26 buckling-inside insertions were 
recorded. Among the smooth insertions, 20 measurements of electrodes 1, and 2 and 
(a) 
(b) 
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18 measurements of electrodes 15 and 16 were recorded. Among buckling-inside 
insertions, 12 measurements of electrodes 1, and 2 and 14 measurements of electrodes 
15 and 16 were recorded. All of the smooth and buckling insertion measurement 
results are shown in Figure 5-32. 
 
 
Figure 5-32 (a) and (b):  Capacitance measurements results of the electrodes 1-2 and 
15-16 of smooth electrode array insertions. The x-axis represented the original sample 
length recorded and the y-axis represented the normalised capacitance measurements 

























Figure 5-33 (c) and (d):  Capacitance measurements results of the electrodes 15-16 of 
electrode array insertions with buckling patterns. The x-axis represented the original 
sample length recorded and the y-axis represented the normalised capacitance 
measurements to a range between 0 and 1.  
In Figure 5-33, the x-axis represented the original sample length recorded. The sample 
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recording frequency was 2 Hz and the electrode array insertion speed was 1mm/s, the 
sample length could be easily converted to the insertion length or insertion angle. 
Besides, intervals of sample length were identical to all insertions and measurements, 
which were of universal application. The y-axis represented the normalised 
capacitance measurements to a range between 0 and 1. This was applied to minimise 
the environmental noises and normalised all capacitive measurements.  
In Figure 5-33, each line represented an individual electrode array insertion. In Figure 
5-32  (a) and (c), the x-axis started from 0 and finished at 750, but in Figure 5-33 (c) 
and (d), the x-axis started from 300. This was because electrodes 15 and 16 had not 
been filled into solutions before a sample length of 300. The capacitances measured 
between them were approximately 30 pF. These values should be omitted to enlarge 
utilitarian measures between a sample length of 300 and 750.   
With respect to Figure 5-32 (a) and (c), overall measurements were the same apart 
from signals between a length of 600 and 700. The differences were considered to be 
caused by electrodes 1 and 2 buckling feature. The signal ‘bridge’ between 600 and 
700 in (c) represented the relationship between the electrode array tip and the cochlear 
inner wall such that they were from in contact to separate and then back to contacting 
condition. The simultaneous video recording system also proved the changes, which 
were shown in Figure 5-32 (b). Differences between Figure 5-33 (d) and Figure 5-32 
(b) were obvious. Capacitance values fluctuated heavily after sample 650. Owing to 
electrodes 15 and 16 buckling feature, the electrodes were squeezed and randomly 
making contacted with the wall. The lag effect of electrodes 15 and 16 delayed the 
buckling pattern location from sample 600 to 650. This was because a result of the 
electrode array not being able to transmit the resisting force from the tip to middle 
immediately because of its low stiffness. By comparing the results and videos, the 
variations of capacitive signals followed the array movements simultaneously. 
Electrode array behaviours such as intermitting insertion, buckling bridge, steady 
insertion were all reflected in the capacitive measurement results.   
In order to discriminate the buckling pattern during the electrode array insertion, 
Principal Component Analysis (PCA) of the capacitance measurements was applied 
to electrodes 1-2 and 15-16 measurements. Details of the discrimination process would 
be shown in Section 6.1.  
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5.3.3 Fold-over Insertion Results 
Similar to the causes of the buckling feature, obstructed, abnormal cochlea, array 
stiffness, and faulty insertion would result in electrode array tip fold-over. As 
introduced in the Literature Review section, the tip fold-over feature would lead to 
severe inner structural damage [51]. Therefore, it was necessary to discriminate and 
prevent the pattern. 
In the experiments, the electrode array was inserted into a special cochlear model. The 
cochlear model was formed by the first 90-degree track, which was the most common 
place for the tip fold-back feature. By adjusting the entry angle, the tip of the array 
would make contact with the inner cochlear wall and fold back. The experiments’ 
process is shown in Figure 5-34.  
  
Figure 5-34: The electrode array tip fold back experiments. Each red dot highlighted 
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In all of the experiments, the model was filled with the conducting solution at a 
concentration of 0.8% prior to the experiment. The inner path was washed by a needle 
to avoid any air bubbles attaching to the inner track. The temperature of the liquid was 
measured at room temperature (25±0.5oC). The bottom of the electrode array was held 
by the automated insertion arm. The electrode array insertion speed was 0.1mm/s. 
As shown in Figure 5-34, the four red dots represented the position of the front four 
electrodes and the yellow triangle represented the array tip. In Figure 5-34 (a), depicted 
was that how electrode array was inserted into the model at an angle of 45o. Based on 
the low stiffness of the array, the tip of the array bent towards the inner wall, as seen 
in Figure 5-34 (b). Afterwards, the tip of the electrode array was obstructed by the 
wall, while the body of the array was still moving forward (Figure 5-34 (c)). Electrodes 
1-4 were squeezed together by the compressing force.  In Figure 5-34 (d), the fold-
over pattern arose if the obstruction was not removed. The electrode array tip stopped 
advancing and kept making contact with the inner wall. At this stage, the electrode 
array would not be able to be recovered by itself. The insertion should be stopped 
immediately and the array would have to be pulled out. During the insertion, the 
circumstances of electrodes 1 and 2 changed frequently. They were utilised to conduct 
the sensing measurements. The capacitance sensing results are shown in Figure 5-35. 
 
Figure 5-35: The electrode array insertions with the tip fold-over pattern. 
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Figure 5-35 depicted the capacitance measurements of electrodes 1-2 during the 
electrode array insertion with the fold-over pattern presented. The x-axis represented 
the original sample length with a recording frequency of 2 Hz. The y-axis represented 
the normalised capacitance measurements within a range between 0 and 1. Each curve 
indicated an individual insertion. Eight fold-over insertions were conducted in the 
experiments.  
Before the sample length of 150, the overall trend of the capacitance measurement 
rose, this was supposed to be caused by the initial advancing activity. Before the 
sample length of 150, electrodes 1 and 2 filled with the saline solution and did not 
make contact with the wall. By comparing the distance inserted, the behaviour 
matched the video screenshot in Figure 5-34 (a) and (b). Between sample length of 
150 and 200, the first electrode began to make contact with the wall, and the distance 
between electrode 1 and 2 was squeezed. The complex operation resulted in 
capacitance measurement fluctuations. The behaviour matched Figure 5-34 (c). 
Between the sample length of 200 and 230, the first electrode in the array was firmly 
pressed onto the inner wall. This led to dramatic capacitance decreases, which matched 
Figure 5-34 (d). After that, the status of the electrode distances and their on-top 
pressures remained steady. As a result, the value of the capacitance fluctuated within 
a restricted range. In our analysis, the fold-over pattern occurred around the sample 
length of 180. In order to discriminate the fold-over pattern, it was essential to extract 
the falling capacitance and steady states afterwards. The discrimination process would 
be detailed in Section 6.2.   
  




The reasons for the bipolar electrode capacitance variation when filling with solutions 
had been investigated in this chapter. The reasons demonstrated that, the capacitance 
value measured was produced not only by the electrode capacitance, but also by the 
capacitance owing to liquid conductivity. Solution conductivity was one of the 
dominating factors that affect measurements. When electrodes were filled with 
conductivity solutions exclusively, the value of capacitance rose along with increasing 
solution conductivity. When the array slid along the insulation materials, the 
capacitance was examined to be 80% higher than filling with just the solution. The 
vertical tensile force at the tip of the electrode array resulted in restricted changes to 
the capacitance measured.  
The distance between two electrodes affected the capacitance measured. Shortening 
the distance resulted in the increment of the capacitance. However, on account of the 
varied permittivity and incalculable overlaid electrodes area, it was impossible to 
quantify the relationship between the capacitance measured and the distance between 
them.  
During the electrode array insertion experiments, the capacitance variations were 
recorded and interpreted to violate the basic capacitance theorem. It was found that 
the force applied to the top of the electrodes was another domineering factor that 
causes capacitance variations. With the increase of the applied force, the capacitance 
measured decreased correspondingly. The results demonstrated that the electrode pairs 
1-2, 3-4, and 15-16 had a relative linear relationship between force and capacitance. 
Thus, they were chosen to conduct the further insertion experiments.  
The insertion measurements also demonstrated that the electrode capacitance provided 
a sensitive method for investigating electrode array behaviour, instead of the cochlear 
model. The highly sensitive and reliable capacitive sensing system could be employed 
to discriminate certain electrode array insertion patterns. The discrimination process 




Chapter 6  
 
Single Pair of Electrodes Capacitance 
Measurement Discrimination Process 
According to the last chapter, the measurements had confirmed that the capacitive 
signals values were systematically influenced by intracochlear insertion forces 
between the scala tympani wall and the contact electrodes. The findings revealed that 
the capacitance-sensing method was capable of recognising electrode array patterns 
when fed into the cochlear model. In this chapter, discrimination algorithms would be 
applied to separate three electrode array insertion patterns. 
This chapter was organised as follows3. Section 6.1 introduced the discrimination 
algorithm: the k-nearest neighbour (k-NN) and pre-processing algorithms: the 
Principal Component Analysis (PCA) and The Pearson Correlation Coefficient (PCC). 
Section 6.2 covered the separation process between the buckling pattern and smooth 
insertion pattern with the algorithm PCA. Section 6.3 presented the discrimination 
process of the fold-over insertion pattern. The pattern could be separated from the 
other two insertion patterns with the Pearson Correlation Coefficient (PCC). Lastly, 
Section 6.4 concluded the chapter. 
                                                 
3 The contents of this chapter have partly appeared in “A Novel Cochlear Implant Electrode Array Sensing 
System to Discriminate Failure Patterns” by Hou et. al. in Journal of Hearing Research. (Submitted) 
 




6.1.1 The k-Nearest Neighbour Analysis (k-NN) 
In order to recognize the occurrence of buckling pattern and fold-over pattern from 
smooth insertions during electrode array insertions, the k-nearest neighbour analysis 
(k-NN) was applied. Two pre-processing algorithms were used to discriminate 
buckling insertions and fold-over insertions.  
The k-NN was a non-parametric algorithms that was widely used for classification and 
regression [137]. As k-NN was based on feature similarity, classification could be 
done by using k-NN classifier. k-NN stored all available cases in training set and 
classified new cases in test set based on a similarity measure [138]. k in k-NN was a 
parameter that referred to the number of nearest neighbours to participate in the 
majority voting process.   
Capacitive resulted from electrode pair (1, 2) and electrode pair (15, 16) had been 
collected and analysed. A pre-processing algorithm: the Principal Component 
Analysis (PCA) on the acquired sequence of capacitance measurements was applied 
to discriminate certain buckling features. Experimental results with regards to the 
Buckling and Smooth feature pattern were shown in Chapter 5 (Figure 5-32) 
 Another pre-processing algorithm the Pearson Correlation Coefficient (PCC) was 
applied to discriminate the fold-over pattern from the other two insertion patterns: 
smooth insertions and buckling insertions. It was due to the fact that electrode array 
folding over during the CI insertion was a crucial faulty pattern that must be detected 
and avoided. Experimental results with regards to the fold-over pattern were shown in 
Chapter 5 (34).  
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6.1.2 The Principal Component Analysis (PCA) 
The PCA method was a statistical approach to reduce the variables in the buckling 
feature [127]. It was applied in the method due to the fact that it was eligible to 
recognise the buckling and folding-over pattern in experiments. The method was 
applied by comparing weight factors of two group of data and the similarity between 
them was recognised. Therefore, a threshold could be determined to separate these two 
groups. A block diagram shown in 
























Figure 6-1: Block diagram of discriminating the electrode array insertion patterns. 
All the capacitive measurements were divided into two sets- the buckling feature set 
(training set) and the testing set. All the vectors from the two sets were converted 
within a range of 0 and 1. This was to normalise all the capacitive measurements and 
minimise environmental noise. Vectors in the buckling set were averaged to achieve 
the average buckling feature. After processing of the normalised feature vectors, the 
buckling feature Eigenvector was obtained. The buckling feature Eigenvector was 
projected onto the normalised buckling and test group to receive the weight factors for 
the groups. Finally, low dimensional vectors (weight factors) in each group were 
compared to discriminate the buckling feature and its location during electrode array 
insertion. 
6.1.3 The Pearson Correlation Coefficient (PCC) analysis 
The Pearson Correlation Coefficient (PCC) analysis was a measure of the linear 
correlation between two samples [133]. The coefficient was represented by r with a 
range between -1 to 1 [134].  
The PCC formula [133] between one dataset {x1, ..., xn} and another dataset {y1, ..., yn} 
was expressed as.  
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where both of the two datasets contain n values and n was the dataset size; 𝑥𝑖 and 𝑦𝑖 
indicated the single data indexed with i;  𝑥 and 𝑦 represented the mean value of the 
datasets.  
When r > 0, the measured two samples were positively correlated. When r < 0, the 
measured two samples were negatively correlated. When r = 0, there were no linear 
correlations between the samples. A value of r = 1 indicated there was a prefect linear 
correlation between the samples [133].  
6.1.4 Conclusion 
To this end, we used two sets of measurements; the training set and the testing set. We 
acquired measurements from 68 independent insertions and we used 12 of them for 
training purposes i.e. 6 for electrode pair (1, 2), and 6 for electrode pair (15, 16), while 
the remaining 56 formed the test set. The output three electrodes insertion patterns 
(Smooth, Buckling and Fold-over) were classified by the method. As the training 
vectors dimensional was high, a pre-processing of featured vectors was necessary 
before applying the k-NN algorithm. The Principal Component Analysis (PCA) was 
employed to extract features and reduce dimensions. The method was used to 
discriminate buckling insertions and smooth insertions. The Pearson Correlation 
Coefficient (PCC) analysis was applied in discriminating fold-over insertions from the 
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 Application of Principal Component Analysis (PCA)  
6.2.1 Recognise the Buckling Feature from an Unknown Insertion 
To this end, we used two sets of measurements; the training set and the testing set. We 
acquired measurements from 68 independent insertions and we used 12 of them for 
training purposes i.e. 6 for electrode pair (1, 2), and 6 for electrode pair (15, 16), while 
the remaining 56 formed the test set. Before the application of PCA, all capacitance 
values were normalized in the range 0 to 1. It was a process of the PCA algorithm and 
it could be achieved by that each capacitance value divided by the capacitance range 
measured. In order to make the process clear, a flowchart of the PCA discrimination 
is generated and summarized in Figure 6-2. 





Figure 6-2: Flowchart of the PCA discrimination process. 
The training set was formed by M = 6 feature vectors: Γ𝑖
𝑟 , 𝑖 = 1,… ,𝑀, representing 
measurements where buckling had occurred, where r indicated the training set. Each 
of the vectors had length N. Thus, the training set was arranged in an M by N matrix, 
where M was 6 and N was determined by the length of the buckling features. The 
number was chosen according to the length of a complete buckling feature.  







These buckling features needed to be normalized to train the recognizer. Normalizing 
the training vector indicated that the common feature from the training set would be 
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removed, so that the unique buckling pattern would be left [128]. The average feature 









The lengths of the average buckling feature vectors were identical to the original 
buckling feature vectors, which were  𝑁1,2 and  𝑁15,16 . 
Subsequently, the average vectors µ was subtracted from each feature vector Γ𝑖
𝑟 in 




𝑟 − 𝜇 (6.3) 
Where  𝜙𝑖
𝑟  represented the normalized feature vector for training set, Γ𝑖  was the 
original feature vector and μ was the average feature vector and r represented of the 
training set.  







In order to calculate the eigenvectors, we then calculated the covariance matrix C of 
the combination of the normalized feature vectors  𝜙𝑖
𝑟 , 𝑖 = 1,… ,𝑀  [129]. For the 
calculation of C 









We could calculate its eigenvector matrix e of the covariance matrix C. Each of the 
normalized buckling features could be represented as a linear combination of the K 
eigenvectors, 𝑒𝑘, 𝑘 = 1,… , 𝐾 . In our analysis,  𝐾 = 𝑀 − 1 = 5.  
 𝑒 = [𝑒1, 𝑒2, 𝑒3, 𝑒4, 𝑒5] (6.6) 
Size of  𝑒 = 84 × 5. Each normalized buckling feature 𝜙𝑖
𝑟 in the training set could be 
represented as a linear combination of the K eigenvectors 𝑒𝑘 plus the mean buckling 
feature [126]. 








𝑒𝑘, 𝑖 = 1, … ,𝑀 (6.7) 
𝜔𝑖
𝑘 was the weights of the associated k eigenvectors for the training set. This could be 
calculated  
 𝜔𝑖 = 𝜙𝑖
𝑟𝑒 (6.8) 
The weights vector 𝜔𝑖 for each feature vector in the training set was  





5], 𝑖 = 1,… ,𝑀 (6.9) 
The process could be achieved by the MATLAB function: pca [130]. The function 
returned three coefficients C, SCO and LAT.  
 [𝐶𝑂𝐸𝐹𝐹, 𝑆𝐶𝑂, 𝐿𝐴𝑇] =  𝑝𝑐𝑎 (X) (6.10) 
Where COEFF represented the principal component coefficients, SCO was the 
principal component scores; LAT represented latent that was a vector containing the 
eigenvalues of the covariance matrix of normalized buckling features [131]. These 
transformations had the advantage of reducing the effect of noise [132].  
In testing, the sequence of capacitance measurements was long and, in each time, 
instant, a running window of length N was applied in order to keep only N samples 
and facilitate comparison with the available training vectors. After applied the running 
window, each testing sequence of capacitance measurements would create up to 711 
testing vectors. 
Then, the average vector µ of the training set was subtracted from each test vector in 
order to obtain normalized test vectors.  
 𝜙𝑖
𝑡 = Γ𝑖
𝑡 − 𝜇 (6.11) 
Where 𝜙𝑖
𝑡  represented the normalized test vectors, Γt represented the unknown testing 
vector. 
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Each of the normalized test vectors was formed as a combination of k eigenvectors by 
projecting onto the buckling feature eigenvectors.  
It was applied to represent the unknown testing vector as a combination of k 
eigenvectors. Therefore, a test weight vector T of the unknown testing vector could be 
expressed as: 
 𝜙𝑖




𝑒𝑘, 𝑖 = 1,… , 𝐿 (6.12) 





5], 𝑖 = 1,… , 𝐿 (6.13) 
 𝑡𝑖
𝑘 was the weights of the associated k eigenvectors for an unknown testing vector. 
Finally, the Euclidean distance between each test weight vector T𝑖 and all the training 
weight vectors ω𝑖 from the training set was calculated. Again, the running window 
method was applied to calculate the Euclidean distance between each of the weight 
vectors in the test set and all the training weight vectors, following the Equation 6.14.  
 𝑑(ω𝑖, T𝑖) = ||ω𝑖 − T𝑖|| (6.14) 
Where d represented the Euclidean distance,   ω𝑖 represented the weights vector for 
each buckling feature vector in the training set, and T𝑖 showed the weights vector for 
an unknown test vector.  
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6.2.2 PCA Recognition Results 
In our analysis, vector length for electrode pair (1, 2) was  𝑁1,2 = 84, whereas vector 
length for electrode pair (15, 16) was 𝑁15,16 = 30. The feature vector when electrode 
pair (15, 16) was examined was shorter because the effect of buckling made a shorter 
but stronger appearance in the measurements acquired through that pair. Size of the 
training set was Γ1,2
𝑟 =  6 × 84 and  Γ15,16
𝑟 = 6 × 30. Four of the buckling features in 
the training set for electrode pair (1, 2) and (15, 16) respectively were shown in  
. 
 
Figure 6-3: (top row) Normalised capacitance signal measurement for electrode pair 
(1, 2) under buckling pattern condition, (bottom row) normalized capacitance signal 
measurement for electrode pair (15, 16) under buckling pattern condition.  
These buckling features shown in Figure 6.3 needed to be normalized to train the 
recognizer. It meant the average feature was removed to identify the unique buckling 
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pattern. According to the equation 6.2, the average buckling feature vectors of 
electrode pair (1, 2) (𝜇12) and electrode pair (15, 16) (𝜇1516) are calculated and shown 
in Figure 6-4. 
 
Figure 6-4: (Left) The average buckling feature vectors of electrode pair (1, 2) (𝜇12) 
and (Right) electrode pair (15, 16)  (𝜇1516). 
In total, there were 56 measurements in the test set. As shown in Table 6.1, these 
measurements were divided into 4 groups. 
Table 6.1: The test measurements set were formed by 4 groups. It showed the 
buckling/smooth set, and the rows indicated the measurement of the electrode pair. 
For the buckling feature insertions, there were 12 measurements of electrode pair (1, 
2) (group 1) and 12 measurements of electrode pair (15, 16) (group 2). For the smooth 
insertions, there were 20 measurements of electrode pair (1, 2) (group 3) and 12 
measurements of electrode pair (15, 16) (group 4). 
 Buckling Set Smooth Set 
E 1 - 2 Group 1: 12 Group 3: 20 
E 15 - 16 Group 2: 12 Group 4: 12 
The Euclidean distance between each test weight vector and all six training weight 
vectors were calculated. Among each comparison results, the minimum, average and 
maximum distances were gathered and recorded.  
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The three distance types of electrode pair (1, 2) and electrode pair (15, 16) in the 
buckling insertion set (groups 1 and 2) are shown in Figure 6-5. The three distance 
types of electrode pair (1, 2) and electrode pair (15, 16) in the smooth insertion set 
(groups 3 and 4) are shown in Figure 6-6. 
 
Figure 6-5: The minimum, average, and maximum distance types in the buckling 
insertion set (groups 1 and 2). 
Figure 6-5 presented the three Euclidean distance types of the electrode array buckling 
insertions between test weight factors and the training weight factors of electrode pair 
(1, 2) and electrode pair (15, 16). The x-axis indicated the sample length with respect 
insertion time, and the y-axis indicated the Euclidean distance.  
 




Figure 6-6: The minimum, average, and maximum distance types in the smooth 
insertion set (groups 1 and 2). 
Figure 6-6 presented the three Euclidean distance types of the electrode array smooth 
insertions between the test weight factors and the training weight factors of electrode 
pair (1, 2) and electrode pair (15, 16). The x-axis indicated the sample length with 
respect to time, and the y-axis indicated the Euclidean distance. The smaller the 
distance was, the more similar the test vector was to the training vector. Each curve 
indicated an independent full insertion. The minimum distance for each insertion 
would be gathered and analysed in order to separate the two insertion patterns. 
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6.2.3 Discrimination for Each Group 
After calculating every vector in the test set, minimum Euclidean distances of the three 
types were obtained. The minimum distances of the comparison results for the 
electrode pair (1, 2) (group 1 and 3) are depicted in Figure 6-7. 
 
Figure 6-7: Minimum Euclidean distances between electrode pair (1, 2) for the 
buckling and smooth insertions. 
0.8
3 
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Figure 6-7, the x-axis indicated the sample length with respect to time, and the y-axis 
indicated the minimum Euclidean distance. Red dots demonstrated the minimum 
Euclidean distance of all the buckling insertions, and the blue crosses represented the 
minimum Euclidean distance of all the smooth insertions.  
For the buckling insertions, most of the minimum distance positions were larger than 
600 sample length. However, the minimum distance positions for the smooth 
insertions varied from 200 to 650. Apart from the average type of electrode pair (1, 2), 
it was unlikely to appoint a threshold to separate the two insertion types. The Euclidean 
distance values for the rest types were similar. In regarding of the average type of 
electrode pair (1, 2), distance value ranged from 0.82 to 0.84 and could be appointed 
as a threshold to separate them. It was due to that only 2 smooth insertions out of 20 
minimum distances of electrode pair (1, 2) were lower than the thresholds, and 2 
buckling insertions out of 12 minimum distances were larger than the thresholds. Thus, 
an average value of 0.83 could be used as the threshold to separate the two insertion 
patterns by the average case of electrode pair (1, 2). The success rate was 75% for the 
buckling insertions (group 1), 90% for the smooth insertions (group 3), and 84.38% in 
overall.   
The discrimination method of electrode pair (1, 2) was also applied to the fold-over 
group. The fold-over group was formed by eight individual insertions. All of the 
insertions in the group contained the fold-over pattern. The buckling pattern was 
examined in the fold-over group by the running window method. The weight factors 
of the buckling pattern were compared with the weight factors of the fold-over group. 
The distance profiles of the minimum, average, and maximum types are collected and 
depicted in Figure 6-8. 
  




Figure 6-8: the minimum, average, and maximum types of the fold-over insertions. 
The x-axis indicated the sample length with respect to time, and the y-axis indicated 
the compared Euclidean distance. The minimum positions of Euclidean distance 
profiles are portrayed in Figure 6-9. 




Figure 6-9: Minimum Euclidean distances between electrode pair (1, 2) for the fold-
over insertions. 
In Figure 6-9, red dots indicated the minimum Euclidean distance of all the buckling 
insertions, the blue crosses represented the minimum Euclidean distance of all the 
smooth insertions and the yellow triangles represented the minimum Euclidean 
0.83 
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distance of all the fold-over insertions. From Figure 6-9, all the yellow triangles were 
above the threshold 0.83 for the average type. This suggested that the chosen threshold 
of 0.83 could be appointed to discriminate the insertions with the fold-over pattern 
with a success rate of 100%.    
Similar to group 1 and group 3, the three types of minimum Euclidean distances 
between electrode pair (15, 16) for the buckling and smooth insertions (groups 2 and 
4) are plotted in Figure 6-10.  
 
Figure 6-10: The minimum Euclidean distances between electrode pair (15, 16) for 
the buckling and smooth insertions (group 2 and group 4). 
1.5 
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In Figure 6-10, red dots indicated the minimum Euclidean distance of all the buckling 
insertions (group 2), and the blue crosses represented the minimum Euclidean distance 
of all the smooth insertions (group 4).  
A threshold of 1.50 could be applied to the distance maximum type to separate the 
buckling pattern. It was due to that 3 smooth insertions out of 12 minimum distances 
of electrode pair (15, 16) (group 4) were lower than the thresholds, and 2 buckling 
insertions out of 12 minimum distances (group 2) were larger than the thresholds. Thus, 
the successful separation rate was 75% for the buckling insertions (group 4), 83.33% 
for the smooth insertions (group 2), and 79.17% in overall.   
A summary of the Euclidean distance between the buckling insertions testing weight 
vectors and all the training weight vectors are shown in Figure 6.11(a) and a summary 
of the Euclidean distance between the smooth insertions testing weight vectors and all 
the training weight vectors are shown in Figure 6.11(b).  
 




                                  (a)                                                                 (b) 
Figure 6-11:  (a) Summary of the Euclidean distance between the buckling insertions 
testing weight vectors and all the training weight vectors, (b) Summary of the 
Euclidean distance between the smooth insertions testing weight vectors and all the 
training weight vectors. The left column indicated the buckling insertions testing 
weight comparison results and the right column indicated the smooth insertions testing 
weight comparison results. The first, second and third columns showed the minimum 
distance for the minimum type, the average type respectively. 
In our analysis, each insertion in the test and training set was an independent 
measurement. Thus, each distance profile of electrode pair (1, 2) in the buckling set 
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(group 1) was added to every distance profile of electrode pair (15, 16) (group 2). In 
total, 12*12 = 144 distance profiles of the insertions with buckling pattern were plotted, 
as shown in Figure 6-11 (a). Similar to the buckling set, 20*12 = 240 smooth distance 
profiles were generated according to Figure 6-11 (b). The three types of the Euclidean 
distance: minimum, average and maximum were depicted in Figure 6-11. The 
minimum Euclidean distance and their associated positions for all the measurements 
are plotted in Figure 6-12. 




Figure 6-12: Summary of the minimum Euclidean distance of the smooth insertions 
and buckling feature insertions. 
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From Figure 6-12, red dots indicated the minimum Euclidean distance of all the 
buckling insertions, and the blue crosses represented the minimum Euclidean distance 
of all the smooth insertions. The top plot depicted the minimum Euclidean distance of 
the minimum comparison type for all measurements. The middle plot showed the 
minimum Euclidean distance of the average comparison type for all measurements. 
Lastly, the bottom plot demonstrated the minimum Euclidean distance of the 
maximum comparison type for all measurements. The x-axis indicated the sample 
length with respect to time, and the y-axis indicated the minimum Euclidean distance. 
In order to discriminate the buckling and smooth insertion pattern, thresholds were 
appointed to separate the two scenarios: the Euclidean distance was less than the 
threshold and the distance was larger than or equal to the threshold. If the Euclidean 
distance was less than the threshold, the testing set would be discriminated as a 
buckling insertion. If the threshold was larger than or equal to the threshold, the pattern 
was discriminated as a smooth insertion. 
An enumeration method was employed to acquire threshold for minimum, average 
and maximum comparisons respectively. The threshold value for each type increased 
from 0 to 5 with an increment 0.01. Accuracies for the buckling and smooth pattern 
examined by the threshold are portrayed in Figure 6-13. 




Figure 6-13: Threshold examination for minimum, average and maximum distances. 
Chapter 6 Single Pair of Electrode Capacitive Measurement Discrimination Process 
156 
 
In Figure 6-13, the threshold for the minimum, average and maximum types were 
examined. The x-axis indicated the threshold distance and the y-axis indicated the 
discrimination accuracies. As the threshold distance (d) increased, the number of 
buckling minimum distances below the threshold increased. It resulted in an increase 
of the buckling pattern discrimination accuracy. Whereas, as the threshold distance 
increased, the number of smooth minimum distances below the threshold decreased. 
It led to a decrease of the smooth pattern discrimination accuracy. The point where the 
two curves meet was appointed as the discrimination threshold distance. Under the 
examination of the threshold value, the discrimination accuracy for both the buckling 
pattern and smooth pattern were the highest. The discrimination threshold distance for 
each comparison types as well as their examination accuracies were detailed in Table 
6.2 
Table 6.2: Threshold discrimination results for each type. 
  Minimum (d =0.61) Average (d =1.99) Maximum (d =3.17) 
  Buckling Smooth Buckling Smooth Buckling Smooth 
Buckling Set 72.92% 27.08% 80.56% 19.44% 52.08% 47.92% 
Smooth Set 31.67% 68.33% 19.17% 80.83% 48.33% 51.67% 
In Table 6.2, the first section indicated of the three comparison types as well as their 
threshold distance value. The second section showed the comparison results under the 
associated distance value.  
The first column showed the buckling set and smooth set were under examination. The 
possibility to discriminate a measurement as buckling or smooth was demonstrated in 
the results section. For the minimum comparison type, the threshold distance was 
examined to be d = 0.61. The success rate to discriminate the buckling pattern from 
the buckling set was 72.92% and the success rate to discriminate the smooth pattern 
from the smooth set was 68.33%. For the maximum comparison type, the threshold 
distance was examined to be d = 3.17. The success rate to discriminate the buckling 
pattern from the buckling set was 52.08% and the success rate to discriminate the 
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smooth pattern from the smooth set was 51.67%. Lastly, for the average comparison 
type, the threshold distance was examined to be d = 1.99. The success rate to 
discriminate the buckling pattern from the buckling set was 80.56% and the success 
rate to discriminate the smooth pattern from the smooth set was 80.83%.  
6.2.4 Conclusion 
In conclusion, the discrimination results showed that the average comparison type has 
the highest discrimination success rate. Therefore, the average type was selected for 
the buckling pattern during the electrode array insertion process. In this type, the 
threshold value 1.99 was appointed to examine the buckling pattern with a success rate 
over 80%.  
The Principal Component Analysis (PCA) was employed to discriminate the buckling 
insertion pattern. 436 capacitance profiles from electrode pair (1, 2), and electrode pair 
(15, 16) were analysed and compared. Among them, the buckling pattern could be 
discriminated from the average comparison type. The successful discrimination rate 
of electrode pair (1, 2) was 84.38%, electrode pair (15, 16) was 79.17%. In account of 
both the electrode pairs, the threshold distance was examined to be d = 1.99 at the 
average comparison type. The success rate to discriminate the buckling pattern from 
the buckling set was 80.56% and the success rate to discriminate the smooth pattern 
from the smooth set was 80.83%.  
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 Recognise the Fold-over Feature from an Unknown 
Insertion 
A block diagram shown in Figure 6-14 demonstrated the PCC discrimination process.  
 
Figure 6-14: Block diagram of discriminating the electrode array fold-over insertion 
patterns. 
The running window method was applied to convert the input experimental 
measurements to test vectors. Identical to buckling and smooth insertions, before the 
analysis, all capacitive measurements were converted to the range 0 and 1. This was 
used to normalise all the capacitive measurements and minimise the environmental 
noise.  
A reference dataset was used to compare with test vectors by the PCC method which 
was formed by a sharp drop curve and a flat curve. It was applied to compare with the 
test vectors to identify the similar pattern (drop and flat) in the test vectors. Thus, the 
size of the reference dataset was same to a test vector, which was 70 x 1. The shape of 
the reference dataset is located in Figure 6-15. 
 
Figure 6-15: A reference dataset, start from distance 0.6 to 0 within 10 sample distance 
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The x-axis represented the sample length, and the y-axis was the nominalised 
capacitance measurements. The reference dataset consisted of a dramatical decrease 
from 0.6 to 0.1 within 10 sample length, and a flat curve 0.1 continues to the end.  
After normalising the reference dataset, the PCC method was applied to project the 
normalised test vectors into the normalised reference dataset. As introduced in Section 
5.3, based on the electrode array insertion patterns, test vectors were divided into three 
subgroups: the fold-over group, the smooth group and the buckling group. The 
normalised test vectors from each subgroup were compared with the normalised 
reference dataset by the PCC analysis. The similarity results of the comparisons were 
presented in Figure 6-16. 
The PCC between the Fold-over group and the reference dataset is shown in Figure 
6-16(a). The PCC between the Smooth group and the reference dataset is depicted in 
Figure 6-16(b). The PCC between the Buckling group and the reference dataset is 
portrayed in Figure 6-16(c). In all of the three figures, the x-axis represented the 
sample length; the y-axis represented the PCC.  
  






 Figure 6-16: The similarity comparison between normalized test vectors and the 
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Each of folding-over, buckling and smooth insertions was compared with the reference 
dataset by running window method. The comparison result from each insertion is 
shown as a single curve in Figure 6.16.  The PCC analysis was a measure of the linear 
correlation between two sets of data [133]. The coefficient was represented by r with 
a range between -1 to 1 [134]. When r > 0, the measured two samples were positively 
correlated. When r < 0, the measured two samples were negatively correlated. When 
r = 0, there were no linear correlations between the samples. A value of r = 1 indicated 
there was a prefect linear correlation between the samples [133]. From the Figure, the 
PCC coefficient was represented in y axis from -1 to 1.  
As each curve indicated an independent single electrode array insertion, the maximum 
PCC for each insertion and its associated sample position is detailed in Figure 6-17. 
 
Figure 6-17: The maximum PCC between normalized test vectors and the normalized 
reference dataset. 
In Figure 6-17, the red dots represented the maximum PCC value of the buckling 
insertion group, the blue crosses represented the maximum PCC value of the smooth 
insertion group and the yellow triangles represented the maximum PCC value of the 
fold-over insertion group. All of the maximum PCC values in the fold-over insertion 
group had an approximate sample length of 200. However, the maximum PCC values 
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Normalised test vectors from the three groups were compared with the reference 
dataset to find the fold-over pattern. When the maximum PCC value became larger, 
the test vectors and reference pattern became more similar. When PCC = 1, the test 
vector matched the reference pattern completely. In our analysis, a threshold could be 
applied to discriminate the fold-over pattern from the other two patterns.  
Similar to the threshold determination method in Section 6.1.5, the number of 
maximum PCC in the fold-over group above the threshold and number of maximum 
PCC in buckling and smooth groups below the threshold were summed. The sum 
results are shown in Figure 6-18. 
 
Figure 6-18: Finding the fold-over pattern threshold by summation of the maximum 
PCC values. 
The threshold value to separate the fold-over pattern from the other two patterns was 
examined from 0.5 to 1, with an increment of 0.01. The number of the maximum PCC 
in the fold-over group above the threshold and number of the maximum PCC in 
buckling and smooth groups below the threshold were summed. In Figure 6-18, the x-
axis represented the maximum PCC distance value and the y-axis showed the sample 
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the largest. Thus, 0.94 was appointed to be the threshold to separate the fold-over 
pattern from the buckling and smooth insertion group.  
In order to examine the threshold, the value would be applied to the three measurement 
groups. For the fold-over group, the all 8 fold-over insertions met the examination. 
For the smooth insertion group, 1 out of 20 failed the examination, with a success rate 
95%. For the buckling insertion group, 1 out of 18 failed the examination, with a 
success rate 94.4%. Overall, the threshold could successfully discriminate 44 out of 
46 (8+20+18) insertions, with a success rate of 95.65%. 
 Conclusion 
In this chapter, the bipolar capacitance experimental results were analysed and three 
CI electrode array insertion patterns were discriminated. The Principal Component 
Analysis (PCA) was employed to discriminate the buckling insertion pattern. 436 
capacitance profiles from electrode pair (1, 2), and electrode pair (15, 16) were 
analysed and compared. Among them, the buckling pattern could be discriminated 
from the average comparison type. The successful discrimination rate of electrode pair 
(1, 2) was 84.38%, electrode pair (15, 16) was 79.17%. In account of both the electrode 
pairs, the threshold distance was examined to be d = 1.99 at the average comparison 
type. The success rate to discriminate the buckling pattern from the buckling set was 
80.56% and the success rate to discriminate the smooth pattern from the smooth set 
was 80.83%. 
The Pearson Correlation Coefficient (PCC) was used to discriminate the fold-over 
insertion pattern. The running window method was utilised to divide all the insertion 
results to examine datasets. These examined datasets were compared with the 
reference dataset by the PCC method. The result threshold of 0.94 demonstrated that 
for the fold-over group, all 8 fold-over insertions met the examination criteria. For the 
smooth insertion group, 1 out of 20 failed the examination, with a success rate of 95%. 
For the buckling insertion group, 1 out of 18 failed the examination, with a success 
rate of 94.4%. Overall, the threshold successfully discriminated 44 out of 46 insertions, 





Chapter 7  
 
Multi-Channel Capacitive Sensing Method 
The results from the present study indicated that bipolar capacitance measured 
correlate to the electrode array movements. Three insertion patterns were 
discriminated based on single pair of electrodes measurements. Utilising multiple 
pairs of electrodes at the same time to predict the array’s motion was impossible. The 
reason for this was that when measuring multiple pairs of electrodes the voltages 
applied to them influenced each other. Measurement results by this method were 
unacceptable. In order to solve the problem, a multi-channel switch board was 
developed to measure one pair of electrodes at one time. The methodology and results 
would be detailed in the Section 7.2.    
The arrangement of this chapter was organised as follows. Section 7.1 introduced the 
multiple channel switch board. Section 7.2 presented the intermittent and continuous 
capacitive measurements using the switch channel board. Lastly, Section 7.3 
concluded the chapter. 
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 The Multiple Channel Switch Board 
As introduced in Section 3.5.2, a circuit board was developed to switch between 
multiple channels. Each channel was connected to two electrodes for measurement. 
The circuit board and its circuit diagram are shown in Figure 7-1.  
Figure 7-1: The multiple channel switch board and circuit diagram.  The channel 
switchboard was built based on a microcontroller (STM32F103C8T6) and a transistor 
array (ULN2003). The microcontroller incorporated ARM® Cortex®-M3 32-bit 
RISC core and it operated at 72 MHz frequency [116].  
The microcontroller was powered by the PC and worked from 2.0 V to 3.6 V. The 
device was recognized as a virtual port after connecting to the PC through a mini type 
USB. Commands were sent to the microcontroller to select output ports’ on and off 
state by a serial port communication software. Each capacitor meter had two 
measuring ports and connected to an output port from the microcontroller. By 
controlling duration of the on and off states of 10 output ports, capacitor meters could 
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be programmed to measure or standby. The function provided a solution to 
intermittently measure electrodes capacitance. 
The board was used for the preliminary research of the capacitance measurement 
switching function. I proposed a solution to switch the measurement by controlling 
output signal to an array. The board was designed and made with the help from Mr 
Yifan Zhang. He also did tests of the board to realize that the switching function was 
functioning within requirements.   
The microcontroller (STM32F103C8T6) of the switch board incorporated ARM® 
Cortex®-M3 32-bit RISC core and it operated at 72 MHz frequency [116]. The device 
worked from 2.0 V to 3.6 V, supplied by the PC connected to it. The microcontroller 
was programmed to control the on and off states of five transistor arrays. Each 
transistor array had two output wires. By sending commands to the microcontroller, 
each channel was switched to be ‘ON’ and ‘OFF’. A mini USB cable was utilised to 
communicate between the circuit board and the PC. The embedded programming 
environment was ARMKeil - MDK 5.17 [117] and a serial port debug tool SSCOM 
was used to send commands to the microcontroller. After establishing 
communications between them, commands ‘s30500005099d’ was sent to the 
microcontroller, where s3 indicated the programming state was 3, 0500 represented 
the channel ‘ON’ time was 5000ms, 0050 represented the switching time was 500 ms, 
and 99d showed the programme would be executed 99 times. With this method, each 
channel was switched ‘ON’ 500ms, for measuring and then switched ‘OFF’. There 
was a gap delay of 50ms between switching channels. The execution of the programme 
99 times allowed sufficient time to conduct all measurements.  
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 Capacitive Measurements Using the Switch Channel Board  
From the investigations in Section 5.2.5, electrodes 1-2, 3-4, and 15-16 were selected 
to implement the measurements. Electrodes 1 and 2 were connected to channel 1, 
electrodes 3 and 4 were connected to channel 2, and electrodes 15 and 16 were 
connected to channel 3. Setup of the capacitive measurements using the switch channel 
board is shown in Figure 3-17. 
The goal of the first experiment was to examine the capacitive measurements of the 
electrode array intermittent insertions by the switching board. In the experiments, the 
electrode array inserted into the cochlear model intermittently from 0 mm with step 
increments of 1mm. At each increment, the array stopped for 5 seconds and the 
capacitance between electrodes 1-2, electrodes 3-4 and electrodes 15-16 were 
measured through the switching board. The insertion length was 36mm and the 
average capacitance resulted at each increment are plotted with the continuous 

























Capacitance Measurements of Continous Insertions and Intemittent Insertions, E1-2
E1-2 1 E1-2 2 E1-2 3 E1-2 4 E1-2 5 1st 2nd 3rd







Figure 7-2: Capacitance measurement results of intermittent insertions and smooth 
insertions of the (a) electrodes 1-2, (b) electrodes 3-4 and (c) electrodes 15-16. The x-
axis showed the insertion length up to 36mm; and the y-axis demonstrated the 
capacitance measured in picofarads (pF). In each figure, five independent continuous 
insertions were implemented for comparisons. The smooth insertions were shown as 
continuous curves. The three intermittent insertions at each increment were shown as 
























Capacitance Measurements of Continous Insertions and Intemittent Insertions, E3-4






















Capacitance Measurements of Continous Insertions and Intemittent Insertions, E15-16
E15-16 1 E15-16 2 E15-16 3 E15-16 4 E15-16 5 1st 2nd 3rd
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Within Figure 7-2, the capacitive measurement results of intermittent insertions and 
continuous insertions were plotted. The record frequency of the capacitor meter was 2 
Hz. The array stopped at each position for 5 seconds. Therefore, 10 data were recorded 
at each increment position. However, the first two data were neglected due to 
inconsistency of the meter. The remaining 8 data were averaged and plotted.  
In Figure 7-2 (a), the overall trend of the measurement results of the intermittent 
insertions matched that of the smooth insertions. Before 20mm, the capacitance 
gradually fell from the peak, which could also be identified by intermittent insertion 
results. From 20mm to the end, the capacitance measurements fluctuated largely. The 
peaks of the fluctuations were recognised while the values between each peak were 
not detected. Similar to Figure 7-2 (a), the measurements trend in Figure 7-2 (b) were 
able to be detected. The capacitance fell and rose from 10mm to 34mm were identified 
by the intermittent insertion measurement results. However, in Figure 7-2 (c), the 
measurements between electrodes 15 and 16, the capacitance measured by intermittent 
insertion was much less than the continuous insertions. The outcome could be 
explained by the higher force applied between the electrodes and the cochlear inner 
wall during the intermittent insertions. The overall trend of the measurement results 
of the intermittent insertions was detected. But the capacitance peaks and fluctuations 
of the smooth insertion measurements could not be identified by the intermittent 
insertion measurements. 
Based on the intermittent insertions results, the trend of the capacitance measured 
matched that of the continuous insertions. Other experiments were conducted to 
evaluate the performance of the switching board when applied to the array continuous 
insertions. For the switching board, three channels were utilised and the measuring 
time for each channel was 5s, with the switching time being 500ms. Results of the 
capacitance measured with and without the switching board are depicted in Figure 7-3. 





























Capacitance Measurements of Continous Insertions with the Switching Board, E1-2
























Capacitance Measurements of Continous Insertions with the Switching Board, E3-4
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Figure 7-3: Capacitance measurement results of continuous insertions with and 
without the switching board of the (a) electrodes 1-2, (b) electrodes 3-4 and (c) 
electrodes 15-16. The x-axis showed the insertion length in mm, and the y-axis showed 
the capacitance measured in pF. In each figure, three independent smooth continuous 
insertions and three continuous insertions using the switching board were compared. 
In Figure 7-3, as with the intermittent insertion experiments, the insertion length was 
up to 36 mm with a constant insertion speed of 0.1mm/s. The record frequency of the 
capacitor meter was 2 Hz. Continuous insertions without the switching board were 
shown as continuous curves, while insertions with the switching board were marked 
as the first, second, and third intermittent curves.  
In Figure 7-3 (a), the overall trend of the measurement results of insertions with the 
switching board matched that of the insertions without the board. The capacitance 
gradual reduction event was detected by using the switching board. Between the 
insertion length of 32 mm and 35 mm, the capacitance falling behaviour was also 
identified by applying the switching board.   
In Figure 7-3 (b), capacitance between electrodes 3 and 4 was measured. The 























Capacitance Measurements of Continous Insertions with the Switching Board, E15-16
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switching board. After 20 mm, the peaks of the capacitance fluctuations were 
recognised while values between each peak were not detected. 
However, in Figure 7-3 (c), the measurements between electrodes 15 and 16, 
capacitance measured by applying the switching boards were inconsistent. Values of 
the capacitance measured using the switching board varied greatly and were unstable 
throughout the insertions. Even the rise of the capacitance from position 18mm to 
26mm could not be identified by the switching board due to the variations. Although 
the capacitance falling event from 26 mm to 36 mm was detected by applying the 
board, details of the fluctuations were completely lost. Thus, measurements between 
electrodes 15 and 16 with the switching board were not adequate in discriminating the 
three insertion patterns. 
 
 Conclusion 
In order to detect more signals during the electrode array insertion operation, a channel 
switching board was developed. The board was able to help record the capacitance 
between electrodes 1 and 2; 3 and 4; and 15 and 16 by switching the measuring 
channels. Functionalities of the switching board had been evaluated in this chapter.  
Two sets of experiments were conducted using the board. The first set of experiments 
compared the capacitance measured of the intermittent and smooth insertions. For 
intermittent insertions, the array was inserted into the model in increments of 1mm.  
The capacitive measurement results of intermittent insertions were plotted on the same 
graph with the smooth insertions for comparisons. The results demonstrated that the 
overall capacitance trend of the intermittent insertions of electrodes 1-2 and 3-4 
matched that of the smooth insertions. The capacitance measurement results of 
electrodes 15-16 were much less than the continuous insertions.  
The other set of experiments investigated the capacitance measurements of continuous 
insertions with and without the switching board. Capacitance results from the two 
types of recording method were plotted in the same graph for comparison. The results 
showed that the overall capacitance trend of electrodes 1-2 and 3-4 continuous 
insertions with and without the switching board were similar. However, the capacitive 
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measurements using the switching boards between electrodes 15 and 16 were 
inconsistent. Thus, electrodes 15 and 16 with the switching board were not adequate 
in sensing the electrode array behaviours.  
In both of the experiment sets, the overall trend of the capacitance results using the 
switching aboard was detected. The continuous capacitive measurement system using 
the switching aboard was feasible to record the capacitance as expected. But the 
capacitance peaks and fluctuations of the continuous insertions could not be identified 
by the method. The disadvantage was that the recording frequency was 2Hz due to the 
restrictions of the meter. Only 2 data samples could be recorded when the array was 
inserted at 0.1mm, which was insufficient. It could be improved by developing a quick, 
precise, and manageable LCR meter. A meter with a higher recording frequency would 
detect more data during the electrode array insertion. Furthermore, development could 
be applied in establishing an optimal insertion model, classifying particular failure 




Chapter 8  
 
Conclusion 
 Summary of Findings 
The aim of this thesis was to investigate an electrode capacitive sensing system for an 
electrode array feed into the cochlea. Electrode capacitive information from the array 
during the insertion was gathered and analysed to discriminate the three insertion 
patterns (smooth, buckling, and fold-over). For this purpose, a mathematical model 
for the cochlear electrode array first contact to the cochlear wall was created. It helped 
analyse the mechanical behaviour of an inserting electrode array. Based on the 
insertion force, the efforts of speed, position and trajectory angle of the electrode array 
insertion into a plastic cochlear model had been investigated. The results demonstrated 
that the array had to be inserted closely to the inner track of the model with a low 
insertion speed 0.1mm/s to avoid the buckling and damage. Force profiles for the three 
insertion patterns had been evaluated. The results revealed that the insertion force was 
useful in designing CI arrays and insertion strategies.  It was able to record the contact 
force between the array and cochlear inner wall at first around. The average force 
profile was similar to the results in some literature review. 
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Based on analysing the insertion force profile, the best insertion tragedy was proposed. 
The results demonstrated that the array had to be inserted close to the inner track with 
a low insertion speed of 0.1 mm/s selected to avoid buckling and damage.  
The insertion force could not identify the position where the buckling or fold-over 
pattern occurred. The force measured was the overall insertion force applied at the 
entry point of the cochlear model. Even whether the insertion was smooth or which 
faulty pattern occurred could be recognized, it was impossible to identify where the 
error took place. The process was like inserting an array into a black box that surgeons 
would know when errors happened, but could not identify the exact location of the 
errors. During the electrode array insertion process, behaviours of the array inside of 
the cochlea remained unknown for surgeons. Besides, in all of the force profiles, the 
force deviation was much larger than a standard value. The deviation value changed 
from a range between 20% and 30%. This suggested that there were significant 
differences between each individual insertion. The differences and deviations made 
CI array insertion pattern discrimination lack of accuracy from the insertion force. In 
account for the unknown location information, small force variations and large 
deviations, the force sensing method was not sufficient in discrimination of the faulty 
patterns.  
An electrodes bipolar capacitive sensing system was proposed to fulfil the research 
gap. The method was found highly sensitive at conducting solutions. Thus, it was a 
useful method to detect the CI electrode array behaviour inside of the cochlear model.   
However, the sensing method was easily affected by environments parameters, array 
materials and sensing methods. Reasons and modelling for the bipolar electrodes’ 
capacitance variation when filling with conducting solutions were investigated. The 
results demonstrated that, the capacitance value measured was formed not only by the 
electrodes’ capacitance, but also by the capacitance due to the liquid conductivity. 
Other parameters such as material permittivity, electrodes distance, and the vertical 
tensile force at the tip of the electrode array were examined to have restricted changes 
to the capacitance measured. During the electrode array insertions, the capacitance 
measured was found violating the basic capacitance theorem. This was due to the force 
applied to the top of electrodes was also a domination cause to capacitance variations. 
With the increasing of the applied force, the capacitance measured decreases 
correspondingly. The results demonstrated that the electrode pair (1, 2), (3, 4), and (15, 
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16) had a relative linear relationship between the force and capacitance. Thus, they 
were selected to conduct the further insertion experiments. 
By analysing the bipolar capacitance experimental results, three CI electrode array 
insertion patterns were discriminated. The Principal Component Analysis (PCA) was 
employed to discriminate the buckling insertion pattern. 436 capacitance profiles from 
electrode pair (1, 2), and electrode pair (15, 16) were analysed and compared. Among 
them, the buckling pattern could be discriminated from the average comparison type. 
The successful discrimination rate of electrode pair (1, 2) was 84.38%, electrode pair 
(15, 16) was 79.17%. In account of both the electrode pairs, the threshold distance was 
examined to be d = 1.99 at the average comparison type. The success rate to 
discriminate the buckling pattern from the buckling set was 80.56% and the success 
rate to discriminate the smooth pattern from the smooth set was 80.83%. 
In order to detect more signals during the electrode array insertion operation, a channel 
switching board was developed. The board was able to help record the capacitance 
between electrode pair (1, 2), (3, 4), and (15, 16) during a single insertion. Two sets 
of experiments were conducted using the board. The results demonstrated that the 
overall trend of the capacitance results using the switching aboard was detected. The 
continuous capacitive measurement system using the switching aboard was feasible to 
record the capacitance as expected. But the capacitance peaks and fluctuations of the 
continuous insertions could not be identified.  
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 Limitations of the Research 
In the thesis, a cochlear implant electrode array was robotically inserted into an 
artificial model. The model was 3D printed with a 2D inner path and was twice the 
average size of a real cochlea. The enlarged model helped observe and investigate the 
electrode array behaviours inside of the model. However, the longer and 2D insertion 
path might significantly affect signals measured. The methodology was based on an 
assumption that capacitive signals trending was similar between an actual cochlear 
size and the enlarged model.  
The CI array insertion force measured in the model proved the assumption was 
reasonable by comparing to others’ results in literature review. The average force 
measured was similar both in the trending shape and magnitude. But the force 
measured varied significantly from individual insertions and could not detect the CI 
array behaviours inside the cochlea. As the problem was also mentioned by others in 
literature review, further investigations could be addressed on the electrode array 
starting position and its stiffness. Model inner path friction force was another factor 
that should be investigated in further as the friction factor was different between 3D 
printed models and a real cochlea. The factor was often neglected by scientists, as 
lubricating oil was added to the cavity to help the array insertion in past experiments.  
In order to investigate the CI electrode array behaviour inside of a cochlea, a force 
model was developed. However, the model could only simulate the array deflection 
less than 90 degree in two dimensional. Large array deflection would involve highly 
non-linear analysis and could not use the model. In a real CI electrode array surgery, 
the insertion depth could up to 290 degree in three dimensional. Hence, the model was 
useful in simulating the first contact between the array tip and cochlear inner wall. In 
addition, the stiffness of the electrode array was soft. The force conduction mechanism 
might be different and the force model should be improved based on the array with 
low stiffness and large deflection.  
To minimize the trauma induced by electrode array insertions, an electrode capacitive 
sensing method was proposed to discriminate among certain insertion failure patterns. 
Theoretical model and experimental results revealed that the capacitance value was 
produced not only by the electrodes capacitance, but also by the capacitance owing to 
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liquid conductivity. The LCR meter reading was greatly affected by solution 
conductivity variations.  
Although in experiments, the environmental parameters were controlled and 
investigated, other parameters such as solution temperature, solution oxygen content, 
air bubbles, solution pressure and array gravity, volume and buoyancy were assumed 
to be constant. Among them, solution temperature had the biggest influence to the 
results. As in human inner ear, the temperature of perilymph was higher than room 
temperature, capacitive measurements based on room temperature would be different. 
Limitations of the research were that all measuring and threshold results were mainly 
based on analysing of experimental results.  
Lastly, all of the insertions were conducted by one electrode array. The limitation was 
due to the cochlear implant company only supplied two electrode arrays and I broke 
one in experiment. All measurement results were recorded and analysed based on 
electrodes on this array. Although the electrode array was standard and for clinical use, 
materials and size of electrodes manufactured from different types of arrays would 
affect the capacitance readings.   
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 Further Improvements 
A force model of the electrode array deflections was developed. The model could be 
extended to simulate the whole insertion process to a three dimensional cochlea. The 
contact force between the electrode array and the cochlear wall would be modelled to 
explain the capacitance variations in detail.     
For the LCR meter, the recording frequency was only 2 Hz due to the limitations. Only 
2 data samples could be recorded when the array was inserted at 0.1 mm, which was 
insufficient. It could be improved by developing a quick, precise, and manageable 
LCR meter. A meter with a higher recording frequency would detect more data during 
the electrode array insertion. Furthermore, a real-time communication between the 
meter and the PC could be established. It enabled the signal discrimination process in 
real-time and demonstrated on screen whether the array had been placed correctly 
during the insertion process. This would help to maximize the performance of cochlear 
implant and reduce trauma of the insertion. 
The switching board could be integrated with the meter to have more precise 
measurements. Based on the results, further development could be applied in 
establishing an optimal insertion model, classifying particular failure patterns and 
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During cochlear implant surgery, atraumatic electrode array 
insertion was considered to be a crucial step. However, during 
cochlear implantation, the mechanical behavior of an electrode array 
inside the cochlea was not known. The behavior of an electrode 
array inside of the cochlea was hardly diagnosed by normal methods. 
In this study, the mechanical behavior of the cochlear implant (CI) 
electrode array was studied. A CI electrode array capacitance sensor 
system was proposed. It was able to automatically determine the 
array position as a result of the capacitance variations. Instead of 
applying sensors to the electrode array, capacitance information 
from the electrodes would be gathered and analyzed. Results reveal 
that this sensing method was capable of recognizing electrodes’ 
positions when fed into a pre-shaped model. 
CCS Concepts 
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Currently, over 80,000 cochlear implants were applied in 
patients.  Cochlear implant devices were approved for adults in 1985 
and for children in 1990 by the Food and Drug administration [1]. 
Minimally invasive techniques were applied in the cochlear implant 
surgery that includes the entrance to the inner ear via cochleostomy 
to maximize the hearing preservation. There were several reasons 
for minimally invasive to become a trend for cochlear implant 
technology. Firstly, cochlear implantation surgery had been proved 
to have benefits in a growing number of patients. Also, the size of 
the cochlear implant device had been reduced significantly and it 
would be further reduced in the future. Lastly, hearing preservation 
becomes possible because of the insertion of short and standard 
electrode length to the cochlea [1]. 
Although the process of cochlear insertion has many 
procedures and variations, the insertion process was still the crucial 
step. Many reasons may result in poor cochlear implant function and 
poor outcomes such as the suboptimal or even improperly insertion 
of electrode or damaged electrode.  
The cochlear array insertion requires the facial recess approach, 
the first step was to visualize and perform the facial recess by 
thinning the posterior external auditory canal [2]. During the 
cochleostomy, the computerized tomography method can be applied 
to warn the surgeons to the facial nerve. This cochleostomy was 
created by using a 1.0 – 1.5mm diamond burr around the round 
window membrane and the size depends on the electrode choice and 
insertion tool used [3]. In general, the receiver should be fixed before 
the insertion of the cochlear implant electrode that would avoid the 
extrusion or movement of a perfectly placed electrode array. The 
insertion of electrode should be attempted to insert the entire array 
to the inside of cochleostomy or until feeling significant resistance. 
However it was essential to avoid the excessive force to kink and 
damage both to the cochlea and the electrode tool.  
There were various electrode insertion tools available from the 
manufacture such as straight electrode array, Perimodiolar electrode 
array, advanced bionics helix electrode array, cochlear corporation 
contour and contour advance electrode array. Among the straight 
electrode arrays, there were three different types: cochlear 
corporation K electrode array, MED-EL 40+ electrode array and 
advanced bionics J electrode array.  
The K electrode array can be used in the Nucleus receiver 
stimulators, which have 21 active banded contacts and 10 stiffness 
rings. MED-EL 40+ electrode was a 31mm straight electrode by 
using with a claw or alligator forceps. Advanced bionics J electrode 
array was the most commonly used provided by advanced bionic 
corporation. The electrode array can be inserted manually and 
should be exerted from the plastic tube package prior to 
reattachment [4]. 
The Perimodiolar electrode array was brought to the market within 
this 5 years and it was manufactured to coil during the insertion to 
lay closer to the modiolar wall of the cochlea [5]. It requires different 
insertion techniques than straight electrode array. The contour 
advance electrode array was inserted along the cochlear outer wall 
approximately 11mm. The electrode array would coil during the 
insertion to reduce the force to the outer wall; hence it can obtain a 
more consistent perimodiolar position [5]. Advanced bionics helix 
electrode array was loaded with an array and tool tip [6]. The 
electrode was an advanced off-stylet insertion technique by pushing 
gently toward the cochleostomy.  
Conference:10th International Conference on Bioinformatics and 





Purpose of the theoretical analysis was to analyze the mechanical 
behavior of an inserting electrode array. When inserting a cochlear 
implant electrode array straight, the array would bend during the 
insertion along the cochlear outer wall of scala tympani (ST). 
Exerted force between the array tip and the ST wall during the first 
turn was the primary cause of trauma in cochlea [7]. 
Therefore, the extorted force which was the resultant force felt 
by surgeon should be minimized during the electrode array insertion. 
The model created was able to interpret the deformation when the 
electrode tip sliding along the ST wall. In order to analyze the 
behavior of electrode array, a numerical analysis method: A finite 
difference method (FDM) was applied to divide the electrode into 
finite segments. Each of the segments was treated as a small 
deflection cantilever beam with the linearly elastic material [8]. 
For this study, a long, slender cantilever beam made of the 
linear elastic material was modelled. It was assumed that the beam 
was inextensible because any change in length was assumed 
negligible compared with the original beam length. The cross 
section of the beam was assumed to be constant which indicates the 
effect of Poisson’s ratio was neglected [9]. It was also assumed that 
the Bernoulli-Euler bending theory was valid. Lastly, the deflection 
due to the weight of the beam was assumed negligible. 
Although the contact between the electrode array and the ST 
wall was three dimensional, the following analysis and model 
developed can be extended to electrode behavior and tip contact. At 
any of the contact point, the directional insertion force would be 
represented by F. It was composed of the advancing force F1 and the 
force exerted on the ST wall Fs in basal turn. The insertion force 
breakdown diagram was shown in Figure 1. 
From Figure 1, insertion force F determines an advancing force 
F1 and a force perpendicular to ST wall. The angle of the electrode 
impact onto the ST was represented by 𝛼. The relationship between 
them was shown in the equation (1) and (2). 
𝐹𝑠 = 𝐹𝑠𝑖𝑛α                                    (1) 
𝐹1 = 𝐹𝑐𝑜𝑠α                                    (2) 
It was assumed the insertion speed was slow and constant, thus 
the electrode insertion can be treated as quasi-steady. Hence, the 
advancing force F1 was equal to the resisting friction force f. In 
regarding of the electrode array, the only support force 𝐹𝑠 acts at the 
tip. Orthogonal components of  𝐹𝑠  was composed of vertical axis 
force 𝐹𝑦 and horizontal axis force  𝐹𝑥 . The breakdown of support 
force  𝐹𝑠 in the x and y directions were redrawn in Figure 2. 
A cantilever beam of length L with a concentrated force  𝐹𝑠 was 
shown in the Figure 2. The concentrated force was applied at the free 
end. θ0  represents the maximum slope of the beam. δx and δy were 
the x and y axis displacements at the free end. Point A represents 
any point along the beam with coordinates (x,y). s was the arc length 
between point A and the fixed end of the beam. 
 
 
Fig.1 Insertion force diagram when electrode array first 
contacts the ST outer wall in the plane of the basal turn. 
 
Fig.2 Breakdown of support force in the x and y axis 
In Figure 2 M was the bending moment. Fx and Fy were the 
reaction forces in the x and y directions. α was the constant angle 
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In order to solve the equation, the relationship between  
x, y and θ have to be found. An arc length of the cantilever beam can 
be approximately treated as a straight line, under the conditions of 
an infinitesimally small section. Substituting ds with trigonometry 














          (5) 
Equations (4) and (5) should be integrated to describe the 
vertical and horizontal deflections at any points along the electrode 
array. However, there was no exact analytical solution to these 
equations. In order to find the deflected shape of the beam, 
MATLAB algorithm and commercial software ANSYS were 
applied to approximate the solutions. 
To solve the equations (4) and (5), the value of the maximum 
angle 𝜃0 under constant force F has to be calculated. An integrating 
function quadl in MATLAB was employed to integrate 𝜃 from 0 
to   𝜃0 . The function separates the beam into 100 sections. Each 
section was assumed to be small enough that its arc length was 
approximated as a straight line. Thus, the maximum angle 𝜃0 in each 
section was calculated by the equation (3). The bisection method 




bisection method was a root finding algorithm, which repeatedly 
bisects an interval and locates the root [10]. The error between the 
exact maximum angle and the approached root was controlled 
within 1x10-4, which was 0.1‰ larger than the exact maximum 
angle. Next, the maximum angle 𝜃0 in each section was substituted 
into the equations (4) and (5) to calculate the x and y coordinates. 
After storing the first section coordinates in MATLAB, the process 
repeats itself to find x and y coordinates in the next section. Lastly, 
coordinates in every section were gathered and plotted as the 
deflected beam curvature.  
There were a few limitations of the MATLAB solution. Firstly, 
the maximum angle at the free end was limited between zero and 
ninety degrees. Also, the program can only compute deflections of 
beams with a constant force applied at the free end. Lastly, during 
the electrode insertion, electrode length (L) inside of the cochlea 
would continually increase. The program could be extended to 
incorporate a beam with increasing length. This could be achieved 
by adding a variable L(s) to the deflection curve equation in place of 
the L. Moreover, the program could be adjusted to handle the 
maximum angle greater than ninety degrees.   
MATERIALS AND METHODS 
The electrode array used in the experiment was supplied by 
OTICON. The electrode array has the average diameter 0.8mm, 20 
contact poles and length 26mm. To manipulate the precise 
impedance measurement, each wire connected from the contact 
poles was soldered to a circuit board and they were numbered to 
avoid environment disturbance. The electrode array and the circuit 
board were shown in Figure 3. 
Each wire from the contact poles was soldered to the circuit 
board to force the distance fixation between them. For the reason 
that the capacitance of each wire changes according to the distance 
between them, distance fixation would minimize the capacitance 
disturbance and be convenient for implementing of the 
measurement. Measurement of electrodes impedance value would 
be applied both in air and conductive liquid respectively which was 
capable to simulate the environment of round window that was filled 
with perilymph. The electrodes impedance was measured by an ISO-
TECH LCR1703 Meter. A software application Windmm 700 was 
utilized to synchronize with the meter and a PC. Readings from the 
meter were recorded and stored as a txt file in the PC every 0.5 
seconds for further analysis.  
The electrode array was inserted into a model by hand. The 
model was printed by a 3D printer to provide insertion track with 
different radius. The model and electrode array insertions were 
shown in Figure 4. 
In Figure 4, each track was formed of a straight path 20mm 
following by a quarter-circle path. The radius of quarter circle paths 
various from 5mm to 70mm, to investigate the relationship between 
electrode capacitance and track radius. The diameter of each track 
entrance window was 2mm but the path width appeared on the 
surface of the model was 1mm. The arrangement not only allows an 
experimenter to observe electrode position but also prevents 
electrode protruding from the track during the insertion. The model 
was immersed in salt water to simulate the environment of intra-
cochlear that was filled with perilymph.  
 
 
Fig.3 each wire from the contact poles of the electrode was 
soldered to the circuit board and numbered 
 
(a)                                              (b) 
Fig.4 A model with different radius tracks and electrode array 
insertion, (a) the model has eight tracks with radius from 5mm 
to 70mm, (b) An electrode was inserted into the fourth track 
The model was fixed to the wall to allow consistent and 
repeatable measurements.    
RESULTS AND DISCUSSION 
Among the eight tracks shown in Figure 4, three tracks were 
selected to perform the measurement: the 1st track, the 4th track and 
the 8th track. Before insertions, the electrode array was filled with 
the liquid for 3 minutes statically to identify the capacitance noise 
under steady state.  The maximum error was 0.75pF that was 1.9% 
of the original value. The error was considered as the random error 
and can be neglected. The 1st track in the model has the smallest 
radius and results of the capacitance measurement were shown in 
Figure 5. 
In Figure 5, the y-axis represents capacitance measured in unit pF 
and x-axis was the insertion time in second. As can be seen from the 
figure, the capacitance was slowly increasing until the 10th second 
that represents the electrode was inserted into a straight path. It was 
because the distance between the two poles was slightly squeezed 
by hand. After that, capacitance revealed a trend of rapid increase 
before reaching to the steady state from 10s to 17s. It shows the 
electrode was passing through a quarter-circle path and distance 
between the two poles move rapidly closer. After 17s, the steady 
state indicates the electrode was fully inserted, and the inserting 
action was stopped for 5 seconds. Capacitance continues to decline 
significantly from the 26s to 30s due to the electrode was pulled out 
from the model, and it was passing through the quarter-circle path. 
From the 30s to 36s, capacitance revealed a trend of gradual 







Fig.5 the 1st track capacitance measurement with capacitance 
measured against the insertion time 
 
Fig. 6 the 4th track capacitance measurement with capacitance 
measured against the insertion time 
Finally, capacitance drops dramatically to the lowest value that 
indicates the electrode was pulled out from the liquid. It was because 
the capacitance of the electrode in the air was much lower than filled 
with liquid.  
Figure 6 shows the process of the electrode array was inserted 
and pulled out from the track four. During the insertion, the electrode 
array was inserted with extra effort intentionally to examine the 
relationship between the capacitance value and insertion force. The 
waveform fluctuations circled as 1, 2 and 3 reflect that additional 
force was applied to the electrode. It was because the electrode 
between the two measured poles was shortened and extended by 
extra force. That leads to the capacitance waveform fluctuations.  
The capacitance was gradually increasing until the 25th second 
that represents the electrode was passing through the model. The 
slope of rising was 2.02pF/s that was 59% lower than passing 
through the first track. It was because the quarter-circle path radius 
of the fourth track was 400% longer than the first track. In order to 
examine the outcome, an extreme condition was applied. The 
electrode was inserted into the 8th track whose radius was 1300% 
longer than the first track. The result was shown in Figure 6. The 
capacitance was at a steady state from 26s to 35s that indicate the 
electrode was fully inserted and the inserting movement was stopped 
for 9 seconds. After that, capacitance continues to decline 
accompanied with four waveform fluctuations, for example, circled 
4. They were due to the pulling pauses in the process of dragging 
out.  
Track eight has the largest radius, and the result of the 
capacitance changing was shown in Figure 7. In Figure 7, the 
capacitance stays in the same range, between 99pF and 130pF, 
during all the inserting and pulling out period. There were three 
fluctuations of the waveform. 
 
Fig.7 the 8th track capacitance measurement with capacitance 
measured against the insertion time 
However, it was challenging to associate waveform variations 
with inserting actions, straight path and the quarter-circle path. It 
was due to the distance between the two measured poles was not 
changing significantly throughout the experiment. 
The results of these feasibility experiments prove that 
capacitance measurement can contribute significantly in detecting 
the curvature of an electrode. Capacitance changes were noticeable 
when electrode position changes as demonstrated by fluctuation. In 
order to further investigate the changing of capacitance, MATLAB 
was used to drive the first derivation on the capacitance waveform. 
The result of the first track was shown in Figure 8. The y-axis 
represents capacitance difference, and the x-axis was the insertion 
time in second. As can be seen from the Figure 8, the capacitance 
largest changes occurred when the electrode was fully inserted at 
17s. There were also capacitance variations at the beginning of 
insertion and extraction. These variations were not significant 
compared to the largest changes. In general, the electrode in this 
experiment was inserted and extracted smoothly.   
The result of the first derivation on the capacitance waveform 
in the fourth track was shown in Figure 9. The electrode was inserted 
with extra effort intentionally, and the waveform fluctuates 
significantly. The changing of capacitance was indeed sensitive to 
the relative force and movement of the electrode to the model. 
During the insertion and extraction process, the electrode was 
surmised not to be manipulated continually, due to the fluctuations 
from the waveform. The largest change occurred when the electrode 
was fully inserted, disregarding of the first fluctuation which was 
caused by jamming. The capacitance change at full insertion was 
21.6% lower comparing to the Figure 8. It proves that the 
capacitance variation was lower at a larger radius.  
The conclusion can also be proved from the first derivations on 
the eighth track capacitance change waveform, which was shown in 
Figure 10. The maximum capacitance change appears at the 
beginning of insertion. However the value of the changing was 54% 
lower than the largest capacitance change in previous two 
experiments. It was due to the distance between the two measured 
poles was not changing significantly. The result demonstrates the 
capacitance measured was sensitive to the distance between the two 
poles. The capacitance changes would not be static due to the 
electrode movement. However, through the investigation on the 
capacitance changes in optimal insertion, operational failures such 
as tip rollovers and penetrations can be discriminated and avoided. 
 





Fig. 8 First derivation on the first track capacitance waveform 
with capacitance changes against the insertion time 
 
Fig. 9 First derivations on the fourth track capacitance change 
waveform with intended extra force 
 




Fig. 11 a circuit board was developed to switch the measuring 
channel and measure only one couple of poles at a time. 
 
CONCLUSION 
A mathematical model for a large beam deflection had been 
created to simulate the contact between CI electrode and scala 
tympani wall. Based on the model, an aluminum beam was 
simulated by MATLAB.  The result compares with ANSYS 
simulation result with only 2% differences. Feasibility of 
measurement of electrode capacitance and impedance during 
electrode insertion had been implemented. The analysis 
demonstrated that capacitance could reflect the electrode shape was 
changing as expected. However, the measurement can only measure 
one pair of metal poles at a time, which was not enough to 
thoroughly investigate the changing of the electrode shape. 
Therefore, a circuit board had been programmed to implement a 
multi-channel capacitance measurement. 
The continuous capacitance measurement system was feasible 
for implementation with cochlear implant electrode insertion. It was 
able to record the capacitance as expected. The capacitance 
measurements change with electrode array shape and force as 
identified on capacitance change waveform.  
Results from the present study indicate that continues 
capacitance respond appropriately to an electrode inserting 
movement. At the moment, only one coupled poles were measured. 
It was due to the voltage across the poles would influence each other 
when measuring two or more couples of poles. In order to solve the 
problem, a circuit board was developed to measure a pair at a time. 
The circuit board had been designed and displaced in Figure 11. The 
circuit board was based on an oscillation circuit to measure the 
capacitance. It had been programmed to switch the channels 
automatically. In this method, five couples of poles can be measured 
within 500ms, and the results were available to be transmitted to a 
PC for further analysis. 
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Abstract— Intracochlear electrode array insertion was a 
crucial process for cochlear implant surgery. However, the 
behavior of the intracochlear electrode array during the 
insertion remains unclear to surgeons. In order to minimize or 
eliminate the trauma induced by electrode array insertion, we 
propose an electrode capacitive sensing method to sense the 
behaviors of the electrode array during the robotic insertion 
process. To this end, we take a single capacitance measurement 
between electrode pair 1 and 2 during the robotic insertion and 
show experimentally that capacitance signal curves were 
systematically affected by intracochlear forces between the scala 
tympani wall and the contact electrode. Therefore, electrode 
capacitance measurements help track the motion between the 
electrode array and the cochlear lateral wall during surgeries. 
INTRODUCTION 
A Cochlear electrode implant (CI), was a small electronic 
device that can directly stimulate the auditory nerve, which 
was located in the inner ear. Unlike a hearing aid, a cochlear 
implant converts sounds into electrical pulses [1]. Adults and 
children with severe or profound hearing loss can be helped 
with a cochlear implant [2]. The cochlear implant consists of 
two parts: the external (outside) part and the internal part, 
which combine to assist patients to perceive sound. 
The internal part of the cochlear implant consists of a radio 
receiver and a cochlear implant electrode array [3]. They were 
surgically placed under the skin. The receiver can detect the 
coded electric impulses and outputs to the electrode array that 
had been surgically implanted into the cochlea. The electric 
impulses stimulate the auditory nerve, and they were 
interpreted by the brain as sound. 
Electrode arrays have the capacity of electrical stimulation 
of the auditory nerve in the cochlea that was differentially 
sensitive to sound frequencies to initiate sound sensations. 
Picture of an electrode array was shown in Figure 1. 
An electrode array was formed by conductive, corrosion-
resistant, noble metal platinum-iridium alloy that was 
separated by insulating material, e.g., poly dimethyl siloxane 
(PDMS) [4]. Ideally, each electrode should be placed directly 
to contact with a single nerve ending that allows receiving 
sound waves of appropriate frequencies. The number of 
electrodes in the array depends on the manufacturer, but 
typically was between 4 to 22, which was less than 1% of the 
number of hair cells present in the cochlea [4]. 
 
Fig. 1 Example of an electrode array. 
Insertion of the cochlear implant electrode array was the 
most crucial step in the cochlear implant surgery. The insertion 
progress was a pierce event: the round window (RT) 
membrane was incised. The electrode array should be 
optimally inserted into the scala tympani. Round window 
insertion causes greatest initial intra-cochlear damage. It was 
due to the inserting electrode being bent significantly to follow 
the cochlear canal [5].  
The insertion also results in more abnormal tissue 
formation in the basal cochlea. To date, the insertion of 
electrode array had been done by hand, and the tools 
implemented by surgeons do not provide any feedback or other 
means of sensing. The method reflected as electrode feed and 
placement was a particularly skilled surgical task. It would be 
expected that a more experienced surgeon would enhance the 
ideal result. The electrode was small, flexible and has a 
particular orientation to align with the tissue structure [6].  
The electrode array insertion often damages the cochlear 
structures, such as the basilar membrane and cochlear lateral 
wall. In order to preserve the cochlea and minimize the 
intracochlear trauma, means of robotic-assisted insertion 
system, the evaluation of insertion force, insertion friction 
force and electrode impedance would be applied.  
In 2005, Roland first evaluated the manual insertion 
characteristics of Contour electrode arrays with the Advance 
Off-Stylet (AOS) versus the Standard Insertion Technique 
(SIT) [8]. Five Contour electrode arrays with the Standard 
Insertion Technique (SIT) were evaluated in the same cochlear 
models and temporal bones. The applied forces during 
electrode arrays insertion in the cochlear model and in whole 
human temporal bones were measured by a load cell. 
According to the experimental force results, the average 
insertion forces in human temporal bones could be twice as 
high as those recorded in a plastic cochlear model.  
A preliminary study of robotic assistance by a steerable 
electrode array for cochlear implant surgery was proposed in 
[8]. The work in [8] developed the mathematic model, path 
planning and calibration for the cochlear steerable electrode 
array in an effort to minimize the contact forces between the 
electrode array tip and the cochlear outer wall. A robotic 
assistance system had been designed to compare the insertion 
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forces of steerable electrode arrays with those non-steerable 
electrode arrays.  
In 2008, Zhang et al. improved the steerable electrode 
array to adjust its angle of approach according to the opening 
of scala tympani [9]. It demonstrated that changing the angle 
of approach by a four DoF robot can further reduce the 
electrode array insertion forces [9]. In the same period, 
Schurzig et al. improved the automated insertion tool which 
could not only sense insertion forces but also setup the 
insertion velocity profiles and settings repeatable [10].  
Hussong et al. developed a prototype automated insertion 
system for the cochlear implant surgery in 2008 [11]. The 
mechatronic device was capable of achieving the Advance 
Off-Stylet (AOS) technique and proofed the tool’s ability in 
cochlear implant surgery. The first experimental result 
demonstrated that the device has the capability to perform 
general automatically cochlear implant electrodes insertions. 
After that, they improved the automated insertion tool and 
developed a mathematical model to stimulate the entry angel 
and path-planning [11]. 30 insertions were performed by the 
device to insert into an artificial model. Under the condition of 
lubrication, the electrode array was inserted into the model in 
29 out of 30 insertions, with one electrode tip fold-over. It was 
claimed that the automated insertion tool was the only 
possibility for cochlear implant electrodes insertion at that 
time.  
Force application of the automated insertion tool was 
evaluated in 2010 [12]. A transparent artificial scala tympani 
model was utilized to achieve standard experimental 
conditions. However, the major drawback of the system was 
the lacked of an integrated haptic feedback. Haptic feedback 
was necessary for minimally invasive surgery as it was the 
only information about possible damage to tissue structures. 
The force measurement and feedback have to be integrated 
into the automated insertion tool. Secondly, the measurement 
system only applied in a plane but not in 3D of the cochlea. 
Lastly, the recorded force data by the automated insertion 
system has to be compared and evaluated with the manual 
insertion under the same conditions in three dimensions. This 
research gap was fulfilled by Majdani et al. in 2010. 
The force data of the Advance Off-Stylet (AOS) technique 
during the cochlear implant electrodes insertion operated by 
human and by an automated insertion tool was collected by 
Majdani et al. [13]. The force data was recorded and compared 
by three experienced surgeons who inserted the CI electrode 
array 26 times and by the robotic insertion tool 8 times. 
Experimental results demonstrated that although the average 
insertion force of the insertion tool was larger than that of the 
surgeons, the automated device was more reliable during the 
insertions [13]. 
In the same period, Schurzig et al. improved the 
automated insertion tool which could not only sense insertion 
forces but also setup the insertion velocity profiles and 
settings repeatable [14]. These insertion profiles help to 
quantify the insertion characteristics such as electrode forces, 
velocities and displacements. 
However, among the mentioned robotic tools above, 
electrode insertion paths had to be planned prior to 
experiments. It indicates that a high-resolution CT scanner has 
to be applied to obtain a high-resolution image of the cochlea 
before operations. The process would increase the cost to a 
great extent and extend the operation time significantly [15]. 
Also, additional actuators and sensors had to be integrated into 
the electrode to control the shape of the electrode. The study 
provided a significant indication to the potential improvement 
of robotic-assisted cochlear implant surgery. 
In 2012, Clark et al. proposed a new prototype device to 
reduce electrode insertion forces [16]. The authors utilized a 
manipulator magnet to guide a magnetically tipped cochlear 
implant electrode during the insertion. In 2014, the first 
reported master-slave–assisted cochlear implant cochleostomy 
using the da Vinci Si system was performed [17]. Among 
them, insertion force directly applied to the intracochlear 
structures was a key element of intracochlear trauma and 
residual hearing loss [7]. Electrode array insertion force as low 
as 26mN to 35mN may result in a rupture of the basilar 
membrane [19]. Consequently, the assessment of array 
insertion force was necessary to evaluate the electrode array’s 
design and its mechanical behavior. 
MATERIALS AND METHODS  
Electrode Array 
The electrode array utilized in this project was a standard 
electrode array designed by OTICON with the basal diameter 
of 1.07mm and 0.5mm at apex [19]. The electrode array holds 
20 active platinum contact electrodes and has deep insertion 
length of 26mm. These contact electrodes have the capacity 
to simulate the complete sound spectrum of the human 
cochlea.  
In order to implement a precise capacitance measurement, 
each wire connected from the contact electrodes was soldered 
to a 20-pin male dual row header connector. The connector, 
as well as the electrode, was mounted onto a circuit board to 
avoid damaging the wires. The electrode and the mounted 
circuit board were shown in Figure 2. 
 
(a)                                                    (b) 
Fig. 2 Electrode array and mounted circuit board. (a) The electrode array 
utilized in the experiment that holds 20 active platinum contact electrodes, 
(b) The electrode was fixed onto a circuit board with wires connected to a 20-
pin male dual row header connector. 
This mounted circuit board forces the distance fixation 
between each wire. It would minimize the capacitance 
disturbance and be reliable for implementing the 
measurement. The board would be glued onto the insertion 
arm. 
 
Automated Electrode Array Feed System 
The electrode array feed system was composed of two 




rotational device (M-061, Physik Instrumente, Germany), one 
three-axis force sensor (Nano17 Titanium Transducer, ATI 
Industrial Automation, USA) and an electrode array holder. 
Two translation stages and one rotational device were driven 
by one servo controller individually (C-863, Physik 
Instrumente, Germany). The automated electrode array feed 
system was set up as shown in Figure 3. 
 
Fig. 3 The electrode feed system was composed of two axis movement stages, 
one rotational device, one three-axis force sensor and an electrode array 
holder. 
They were controlled by software MATLAB (2012b, 
MathWorks Inc., USA) to generate precise horizontal, vertical 
and rotational movement with high resolution up to 0.012 µm. 
The three-axis force sensor was integrated between the 
electrode array holder and the rotational device to collect force 
data from all three Cartesian Coordinates (ATI). Force data 
was collected by a data acquisition card (DAQ) device (USB-
6211, National Instruments Corporation Ltd, U.K.). Before 
each experiment, the system was calibrated by a supplied load 
file to convert the input voltage signal to a force reading.  
A translucent cochlear model was firmly glued onto a 
supporter before experiments. The cochlear model and the 
supporter were printed by 3D printers with the materials 
Veroclear and Accura 60 respectively. Both were non-
conductive materials. The supporter was glued onto the bottom 
of a glass. The glass was filled with conducting liquid that has 
the same conductance as the biologic liquid inside of the 
cochlea. The inner path was carefully washed by a needle to 
avoid any bubbles attaching to the inner track.  
The electrode array holder was screwed onto the force 
sensor and the rotational device. It has a central lumen to clip 
the electrode array straight before insertion. The tip of the 
clinically used electrode array was placed at the entry of the 
cochlear model. The progress was shown in Figure 4.  
Due to the electrode array’s own stiffness, the tip of the 
array was placed in close proximity to the inner side wall. 
After alignment, the electrode array was inserted into the 
cochlear model at a constant speed 0.1mm/s to a depth of 
37mm. Twelve insertions were performed by the automated 
feed system. The insertion force and capacitive information 
 
Fig. 4 Before the insertion, the electrode array was clipped straight at t entry 
of the translucent cochlear model. It was placed in close proximity to the 
inner side wall. 
from electrode pair 1 and 2 were collected and evaluated. The 
average force and capacitive results of them were shown in 
Figure 6.  
Electrodes Capacitance Sensing   
As there were 20 contact electrodes in the electrode array 
and each of the electrodes has a wire connect to a pin header, 
the capacitance between any two electrodes can be measured 
by a capacitance meter (LCR-1703, ISOTECH, U.K.). The 
measured data can be recorded and stored in software 
WINDMM700 at 2 Hz.  
The whole insertion progress was recorded by a HD video 
camera (FS200, Canon, Japan) to analyze the behavior of the 
electrode array inside of the model. The start position of the 
first spiral was defined as 0o following the horizontal axis, as 
shown in Figure 5.  
The path above the start position of spiral was straight, 
which simulates the round window insertion. The finish 
position of the first spiral was defined to be 90o which follows 
the vertical axis. The finish position of the second spiral was 
defined to be 180o and the finish of the third spiral was defined 
to be 270o. This logarithmic spiral shape follows the biological 
structure of the cochlea. However, during the insertion, the 
electrode array would only follow the spiral curve until full 











Fig 5. Definition of the angle of insertion. The start position of the first spiral 





Fig. 6 Comparison between the force and impedance results. Top: average force profile against the insertion length, Bottom: Capacitance and Equivalent Series 
Resistance signals against insertion length. 
RESULTS AND DISCUSSION 
In our experiments, the insertion position was close to the 
inner wall of the cochlear model. The insertion speed was 
0.1mm/s and insertion length was 29 mm. After the insertion, 
the tip of the electrode array stayed at 180o of the cochlear 
model. The temperature was at room temperature, 25oC. The 
fluid conductance was 14.3 S/m. 
The insertion progress was repeated twelve times, and all 
of the insertions were smoothly inserted, i.e., to 180 degree of 
the artificial model. A representation of the average force and 
impedance measurements during one of the experiments was 
shown in Figure 6. 
In the beginning, before the angle was 0 degree, the 
electrode array was inserting along a straight, inner wall, 
where there was limited force applied to the electrodes. Thus, 
the capacitance increases slowly. During the second stage, 
there were many activities. First, both of the electrodes made 
contact with the inner wall, leading to the capacitance to drop 
dramatically from 2550 to 2500 (2%). After 11mm, the tip of 
the electrode started to move away from the inner wall, leading 
to an increase of the capacitance due to the conductivity effect. 
At 13mm, the first electrode starts to make contact with the 
bottom wall. The buckling and releasing event caused 
buckling of the electrode array. In the capacitance panel, there 
were fluctuations after 16.5mm. From the insertion length, 
both of the electrodes contacted the bottom wall, thus, leading 
the capacitance to decrease slowly. After 20mm, the electrode 
array had been inserted smoothly and the capacitance was 
shown as stable. The results demonstrated that the array has to 
be inserted close to the inner track with a low insertion speed 
of 0.1 mm/s selected to avoid buckling and damage. The 
insertion force profiles for the twelve insertions were 
evaluated. From Figure 6, the insertion force was 
demonstrated as not an efficient method in detecting the array 
behaviors inside of the cochlear model. Thus, another sensing 
method should be developed in order to sense the detailed 
behaviors during the electrode array insertions.  
By comparing the recorded video with the capacitance 
fluctuation, the movement of the electrode array was shown in 
the screen cut. There were four sections of the electrode array 
insertion up until 180o: before 7mm, between 7mm and the 
first contact at the bottom of the outer wall, between when the 
tip first makes contact and the slide along the wall, and, lastly, 
the continually sliding section following along the cochlear 
wall. From the signal fluctuations, the corresponding four 
insertion lengths of changing were: 9mm, 13mm 16mm, and 
19mm. The video screen shot of these insertion lengths were 
shown in Figure 7.  
The major factor affecting the capacitance reading was the 
conductance of the liquid. Thus, at the beginning, the electrode 
array started to slide along the inner cochlear wall. The 
capacitance was slowly increasing until it reached 8.5mm.  
 
(a)                                                       (b) 
 
(c)                                                      (d) 
Fig. 7 Different insertion progress states. (a) 9mm insertions, the tip of the 
electrode starts to touch the inner wall. (b) The electrode array has already 
separated from the inner cochlear wall. (c) The electrode array touches the 





After that, the electrodes contacted the cochlear inner wall, 
which decreased the signals to a great extent. After 11mm, the 
tip of the electrode started to leave the inner wall and no force 
was applied to the electrodes. The capacitance started to 
increase and the series resistance was slowly decreasing. At 
the insertion length of 16.5mm, buckling and rushing 
happened, which resulted in fluctuations of the capacitance 
and small changes in the ESR series. After 19mm, the tip of 
the electrode array was laying completely at the bottom of the 
cochlear model. The electrode array began to insert, following 
the shape of the cochlear model until 29 mm, where it was 180 
degrees in regards to the entry point. From 19mm, the 
capacitance between the tips of the two electrodes was slowly 
increasing and became steady after 22mm. It demonstrated a 
uniform insertion progress of the electrode array. 
Further improvement can be applied in establishing a force 
model of the electrode array deflections. The model could 
simulate the contact force between the electrode array and the 
cochlear wall during the whole insertion process. As the 
capacitive sensing method would provide more insertion 
details, it can be improved to discriminate certain failure 
patterns inside the cochlea.  
CONCLUSION 
The impact force of the electrode array on the cochlear 
lateral wall had been assessed as a key element of intra-
cochlear trauma and residual hearing loss. The electrode array 
design and mechanical behaviour were on the basis of the force 
profiles. However, insertion force profiles could not reflect the 
electrode array motions during the insertion in detail. Failure 
inserting features such as tip fold-over and buckling may occur 
without changing of the insertion forces. Continuous 
impedance measurement (CIM) had been recognized to fulfil 
the research gap. Among the measured impedance signals, for 
the first time, the capacitive signal from the electrodes was 
gathered and evaluated. Comparing to resistance and 
inductance signals, capacitance signal was more sensitive, 
consistent and reliable. The measurements have confirmed that 
the capacitive signals values were systematically affected by 
intracochlear forces between the scala tympani wall and the 
contact electrode. Results reveal that the capacitance sensing 
method was capable of recognizing electrode array positions 
when fed into the cochlear model.  
Further work would be on the direction of improving the 
insertion model, classifying particular failure behaviours, and 
characterizing electrode array position. 
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Appendix 2 Electrode array insertion force profiles  
In this section, 14 force profiles during CI array insertions were randomly selected and 
displayed. The insertion conditions for them were identical. Plots of insertion force 
varied significantly from individual insertions, although the average force profile 
followed expectation. The results high deviations demonstrated that the insertion force 






























Appendix 3: Continuous Capacitance and Switching Channel 
Capacitance  
Continuous capacitance measurement and switching channel board measurement of 
three coupled electrodes, with electrode pair (1, 2) (top panel), electrode pair (3, 4) 
(middle panel) and electrode pair (5, 6) (bottom panel). The abscissa axis was insertion 
angle in regard of the first two electrodes and the ordinate unit was capacitance in pF. 
Each trace from the panel represents one individual robotic insertion. 
The top panel represents the continuous capacitance measurement of electrode 1-2 as 
well as the first channel of the switching channel board measurement. Electrodes 1 
and 2 were also the tip two electrodes of the electrode array. Electrode 3-4 and the 
second channel in the switching board measurements were shown in the middle panel. 
Electrode 5-6 and the third channel were represented in the bottom panel. All the 
insertions were made to at the same speed 0.05mm/s and with the same depth. Each 
trace in every panel represents 1 individual insertion, with 3 insertions for the top panel, 
3 insertions for middle panel and 2 insertions for the bottom panel. The switching 
board capacitance measurement was represented by the square wave. In the beginning 
of each trace, capacitance increases significantly, which indicates the two measured 
electrodes were filled with liquid. As could be seen from this figure, the fluctuations 
of switching board measurement match all continuous measurements well, especially 




Appendix 4: Curvature of the Deflected Cantilever Beam solved by 
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